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ABSTRACT 

MOLECULAR AND FUNCTIONAL ANALYSIS OF AGE AND SEX DIFFERENCES 

IN NICOTINE-INDUCED CELLULAR SIGNALING AND SYNAPTIC PLASTICITY 

Alexandra D. Hudson, Ph.D. 

George Mason University, 2020 

Dissertation Director: Dr. Karl J. Fryxell 

 

Nicotine addiction is the most common form of chemical dependence in the 

United States and leads to almost 500,000 deaths each year. Adolescents and females 

have been shown to be particularly vulnerable to the addictive properties of nicotine and 

other drugs. We measured multiple proteins and phosphorylation events involved in drug 

addiction and synaptic plasticity in three brain areas closely linked to drug addiction: the 

ventral striatum (VS), ventral tegmentum (VT), and the medial prefrontal cortex (mPFC). 

We found sex- and age-dependent CDK5 signaling, including lower levels of p25 in adult 

females, particularly in the VS. This has important implications for synaptic plasticity 

and drug addiction. A single nicotine injection (as a model of the first reaction to 

nicotine), caused a larger increase in VS BDNF signaling in adolescent than in adults. 

Conversely, we found that both single and repeated nicotine injections (the latter as a 

model of nicotine dependence) caused adolescent-specific increases in DARPP-32 Thr34 
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phosphorylation (which would increase cyclic AMP signaling). We also found decreases 

in VS GLUR1 phosphorylation (which would reduce the strength of glutamatergic 

signaling). In the VT, a single nicotine injection caused a female-specific increase in 

GLUR1 phosphorylation and BDNF signaling. Repeated nicotine injections caused an 

adolescent-specific increase in VT DARPP-32 Thr34 phosphorylation. In the mPFC, 

repeated nicotine injections caused an adolescent specific decrease in BDNF signaling, as 

well as a female-specific decrease in the inferred CDK5 activity. Due to the importance 

of the CDK5 regulator p25 in a form of synaptic plasticity known as "long-term 

depression” (LTD), and the low production of p25 in adult females, we measured the 

magnitude of LTD in the core of the nucleus accumbens. We found a significant deficit in 

LTD specifically during proestrus in females (the time of peak estrogen levels), 

compared to males and estrus females. Moreover, we found p25 levels were significantly 

lower in proestrus females than estrus females or ovariectomized females. We present a 

proposed molecular mechanism for this hormonal effect on LTD in the nucleus 

accumbens, which is a key step in the physiology of drug addiction. More broadly, our 

results show an adolescent-specific response to nicotine in the VS, but a female-specific 

response to nicotine in the VT. These responses would increase the vulnerability of 

adolescents and females, respectively, to nicotine dependence. 
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CHAPTER 1  

Introduction 

1.1 Nicotine, Adolescence, and Addiction 

Nearly 500,000 people die each year from illnesses related to tobacco use in the 

United States, making it the leading cause of preventable death (Substance Abuse and 

Mental Health Services Administration 2014). The prevalence of tobacco use is due 

partially to the addictive potential of nicotine, the most common form of chemical 

dependence in the United States Substance Abuse and Mental Health Services 

Administration, 2014 #1}. Those who develop nicotine dependence are rarely able to 

cease their consumption. Despite 68% of smokers reporting a desire to quit, more than 

90% of those who attempt to do so will relapse within 6 months (U.S. Department of 

Health and Human Services 2014). Although cigarette smoking has declined over the last 

five years among adolescents, e-cigarette use has more than tripled since 2013, to become 

the single most common tobacco product used by this age bracket. Consequentially, the 

percentage of adolescents using any type of tobacco product has remained essentially the 

same over the last five years (Singh et al. 2016). These statistics are particularly startling, 

given that nine out of ten regular adult smokers began smoking as adolescents (U.S. 

Department of Health and Human Services 2012). 

Addiction was well defined by Nestler as “the loss of control over drug use, or the 

compulsive seeking and taking of drugs despite adverse consequences” (Nestler 2001). 

The progression from initial drug use to compulsion and loss of autonomy relies on a 
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complex mix of factors, and many models have been proposed to explain how and why 

this process occurs. These include positive and negative reinforcement models, wherein 

the primary motivator for acceleration of drug use is sensitization of the rewarding effects 

of a drug or the aversive effects of drug withdrawal respectively (Robinson & Berridge 

2000). Those who suffer from addiction typically experience both of these effects, 

following a cycle of preoccupation with drug seeking, binge intoxication, and withdrawal 

(Koob & Moal 1997). However, not all who experiment with drugs at some point in their 

life become dependent, suggesting an inherent neurobiological, psychological, or 

contextual difference between those who progress to compulsive drug use and those who 

do not (Wise & Koob 2014). Twin studies suggest an approximately 50% heritability of 

vulnerability to nicotine dependence, which highlights the importance of both genes and 

environment in its development (Bevilacqua & Goldman 2009). 

Adolescence is a period of critical vulnerability to developing nicotine 

dependence. This is due to a combination of psychological, social, and biological factors. 

Early and middle adolescence are characterized by an increase in novelty-seeking and 

risk-seeking behaviors, which are associated with an increased risk of drug abuse (Martin 

et al. 2002). Additionally, adolescents may experience lower levels of self-control and 

harm avoidance (Arnett 1992; Wills et al. 1994). These psychological changes are 

accompanied by reductions in parental influence and an increase in the influence of the 

perceptions and behaviors of peers in general (Nargiso et al. 2015). Comorbid mental 

health disorders, which most commonly develop during adolescence, such as anxiety or 

depression, are an additional risk factor for drug abuse (Chou et al. 2011; Howes et al. 
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2000). Along with these social pressures, reward-related brain areas undergo significant 

development during this time (Larsen & Luna 2015). For example, dopamine levels peak 

in the prefrontal cortex (PFC) during adolescence in nonhuman primates (Rosenberg & 

Lewis 1995) and rats (Kalsbeek et al. 1988) as well as in the rat nucleus accumbens 

(Tarazi et al. 1998). Along the same lines, the prefrontal cortex, tasked with planning and 

risk/reward assessment, undergoes significant growth and change throughout adolescence 

(Steinberg 2005). 

 

1.2 Sex Differences in Addiction 

Another crucial factor that influences the development of addiction is the sex of 

the individual. Men use tobacco and illicit drugs at a higher rate than women (Substance 

Abuse and Mental Health Services Administration 2014; U.S. Department of Health and 

Human Services 2014). Among those who smoke, men smoke more cigarettes than 

women and on average smoke cigarettes with a higher nicotine content (Melikian et al. 

2007). However, women differ from men in how they progress through the stages of 

addiction. Female sufferers of addiction who escalate their use after initial exposure to a 

drug tend to progress more rapidly to addiction than males (Becker et al. 2017; Bobzean 

et al. 2014). Additionally, women report more negative symptoms of withdrawal, such as 

increased feelings of stress and anxiety, and, perhaps consequentially, tend to be at 

greater risk for relapse (Hogle & Curtin 2006; Walitzer & Dearing 2006). Animal models 

of addiction recapitulate these results, with female rats and mice progressing to 

compulsive cocaine intake more quickly than males (Perry et al. 2016; Perry et al. 2013). 
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Our lab has previously demonstrated that female mice chose to drink significantly more 

nicotine than males in a two-bottle choice test (nicotine/water), and escalated their 

nicotine doses at higher rates (Locklear et al. 2012). Despite these differences, relatively 

few studies have investigated the neurobiological and molecular signaling mechanisms 

behind sex differences in addiction-like behavior, with many studies electing to use only 

male subjects (Becker et al. 2017). Developing effective treatments for people with 

substance use disorders will require understanding the neurobiology of addiction for both 

sexes. 

 

1.3 Mesocorticolimbic Dopamine System 

The rewarding effects of drugs of abuse converge on a single pathway in the 

brain, the mesocorticolimbic dopamine system. Administration of almost every drug of 

abuse causes an increase in dopamine release from dopaminergic neurons of the VTA 

into synaptic terminals found in the nucleus accumbens (NAc) (Nestler 2005). Natural 

rewards such as food, sex, and social interactions are thought to exert their rewarding and 

motivational properties in part through activation of dopaminergic neurons within the 

ventral tegmental area (VTA) which projects to the NAc, the prefrontal cortex (PFC), and 

other brain areas such as the hippocampus and the amygdala (Nestler 2005; Ikemoto 

2007). Drugs of abuse act through a variety of mechanisms that directly or indirectly 

increase dopaminergic transmission from VTA neurons onto neurons in the NAc. For 

example, cocaine, among a variety of effects on other targets (Howell & Kimmel 2008; 

Liu & Li 2018), inhibits the action of the dopamine transporter (DAT) to increase the 



6 

 

concentration and duration of a dopaminergic signal in the synapse (Nestler 2005). 

Nicotine directly activates VTA dopamine neurons through binding of α4β2 nicotinic 

acetylcholine receptors (NAchRs) on the cell surface, as well as promoting LTP at 

glutamatergic synapses in the VTA and activating α7 NAchRs(Kauer 2004; Kauer & 

Malenka 2007). 

Dopamine signaling is neuromodulatory and has different effects on the 

excitability of a target neuron depending on the type of receptor activated. Dopamine 

receptors fall into two main categories based on their ability to either activate or inhibit 

adenylyl cyclase and thus the production of cAMP. D1-type dopamine receptors 

(including the D1 and D5 dopamine receptors) are heterotrimeric g-protein coupled 

receptors (GPCRs) coupled to Gαs and Gαolf which positively regulate the activity of 

adenylyl cyclase (Neve 2009; Neve et al. 2004). D2-type dopamine receptors (including 

the D2, D3, and D4 receptors) are also GPCRs but are coupled mainly to Gαi and Gαo 

which suppress the action of adenylyl cyclase when activated (Neve et al. 2004; Neve 

2009). Dopamine receptors influence a variety of signaling pathways other than cAMP. 

For example, D2 receptors release the Gβγ subunit upon activation which can diffuse in 

the plasma membrane to interact with other receptors and ion channels. Gβγ has been 

shown to regulate potassium inward rectifier channels, as well as inhibiting voltage gated 

calcium channels. D1 receptors can also couple to Gαq which activates phospholipase C, 

the first effector in the inositol triphosphate (IP3) signaling pathway (Tritsch & Sabatini 

2012). 
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The VTA comprises most of the dopaminergic nucleus A10, one of the best 

studied of the currently identified dopaminergic nuclei within the brain (Tritsch & 

Sabatini 2012). The VTA is associated with the rewarding aspects of drugs of abuse, 

natural reward, aversive stimuli, and associative learning. Situated in the midbrain, 

dopaminergic and GABAergic neurons in the VTA project to the limbic regions through 

the mesolimbic pathway, to the cortex through the mesocortical pathway, and to other 

related areas such as the ventral hippocampus, amygdala, and olfactory tubercle 

(Bjorklund & Dunnett 2007; Lammel et al. 2008; Ikemoto 2007). The VTA consists of 

approximately, 60% dopaminergic projection neurons, 30% GABAergic interneurons, 

and ~10% neurons that release other neurotransmitters, such as glutamate (Nair-Roberts 

et al. 2008; Swanson 1982; Yetnikoff et al. 2014). A small number of dopaminergic 

neurons projecting to the PFC also release glutamate (Pérez-López et al. 2018), while 

some VTA glutamatergic neurons also release GABA (Yoo et al. 2016). 

Dopamine neurons in the VTA are highly heterogeneous and are activated or 

suppressed disparately in response to the same stimulus. Separate populations of VTA 

neurons have been associated with motivational salience and value respectively, with 

salience encoding neurons activating equally in response to rewarding and aversive 

stimuli whereas value-encoding neurons are activated by rewards and inhibited by 

aversive stimuli (Bromberg-Martin et al. 2010; Matsumoto & Hikosaka 2009). The 

magnitude of the activation or suppression of dopamine neurons that encode value is 

correlated with the magnitude and direction of the stimulus (rewarding or aversive), and 

their activation is enhanced in response to an unexpected reward (Steinberg et al. 2013). 
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The phenotype of these neurons seems be highly influenced by the brain area to which 

they project. Unlike dopamine neurons in the substantia nigra (another well studied 

dopaminergic nucleus), individual VTA neurons appear to project to a single brain 

region. Cocaine (a rewarding stimulus) has complex effects, one of which is activation of 

neurons projecting to the lateral NAc shell, while aversive stimuli activate neurons 

projecting to the PFC (Lammel et al. 2011; Margolis et al. 2008; Volman et al. 2013).  

Unsurprisingly, in light of these data, VTA activity is required for learning of 

both positive and negative associations (Steinberg et al. 2013; Pezze & Feldon 2004). For 

example, optogenetic activation of VTA dopamine neurons is sufficient to produce 

conditioned place preference, suggesting that their activation leads to the association of 

environmental cues with appetitive stimuli (Tsai et al. 2009), whereas tonic inhibition of 

VTA dopamine neurons via optogenetic activation (by transgenically expressed channel 

rhodopsins activated by blue light) of inhibitory interneurons which regulate them is 

sufficient to produce conditioned place aversion (Tan et al. 2012). In addition to its role 

in the formation of rewarding and aversive cue associations, the VTA is involved in the 

expression of those associations. Following repeated cue-reward pairings, dopamine 

neurons shift their activity to respond directly to the cue rather than the reward (van 

Zessen et al. 2012), and presentation of a cue with no subsequent reward causes a 

reduction in dopamine release from the VTA (Schultz 1998). Thus, the VTA is critical to 

both the initial response to reward, and the subsequent association of the reward with 

coincident stimuli. 
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The nucleus accumbens is an important integrator of executive function with 

motivational, contextual, and affective influences of the optimization of goal-directed 

behavior. Along with the olfactory tubercle, it forms the majority of the ventral striatum 

in the basal forebrain (Salgado & Kaplitt 2015). Glutamatergic (glutamate releasing) 

afferents from the prefrontal cortex, thalamus, entorhinal cortex, ventral subiculum, and 

basolateral amygdala form the major excitatory inputs into the NAc, in addition to 

dopaminergic and GABAergic (GABA releasing) inputs from the VTA. The vast 

majority of NAc neurons (~90-95%) are GABAergic mediums spiny projection neurons 

(MSNs) while the remainder are largely aspiny cholinergic and GABAergic interneurons 

(Kawaguchi et al. 1995; Witten et al. 2010). NAc MSNs are separable into at least two 

distinct categories based on the subtype of dopamine receptor they express, the 

expression of certain neurochemical markers, and, to some extent, by their projection 

targets. The terminology for these MSN subtypes is similar to the organization of dorsal 

striatum MSNs which display distinct projection pathways termed the “direct” and 

“indirect” pathways, projecting to the substantia nigra and the ventral palladium 

respectively. NAc MSNs have a more complex distribution of projection targets than 

these dorsal striatum neurons, as will be explained below. Direct pathway MSNs in the 

NAc express high levels of D1 receptors and substance P, while indirect pathway MSNs 

express D2 receptors and enkephalin (Gerfen et al. 1990). 

The functions of these two MSN subtypes has been difficult to dissect due to their 

morphological and electrophysiological similarities, however modern genetic techniques 

have allowed more insight into their role in drug abuse. For example, cocaine produced 
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lasting increases in dendritic spine density specifically in D1-expressing MSNs, which is 

associated with behavioral sensitization to cocaine (Lee et al. 2006). Different MSN 

subtypes may also mediate different aspects of reward and withdrawal of drugs of abuse 

(Laviolette et al. 2008; Grieder et al. 2012), however both D1 and D2 signaling is 

required for nicotine conditioned place preference (Wilar et al. 2019).  

The NAc can be further divided into distinct regions called the core and shell. The 

NAc core is mostly in the dorsal and lateral NAc and surrounds the anterior commissure, 

while the shell forms predominantly the most ventral and medial portions of the NAc. 

The core and shell, despite their proximity to each other, are structurally and functionally 

different. Considerable morphological differences between the core and shell can be 

observed both in individual neurons of the core and the shell and in the overall 

distribution of neurochemical markers (Tan et al. 1995; Voorn et al. 1989). The NAc 

shell is important in mediating the rewarding aspects of drugs of abuse and natural 

rewards as well as context-dependent drug seeking, particularly in the medial vs the 

lateral shell (Ikemoto 2007; Chaudhri et al. 2010; Fenu et al. 2006). Conversely, the NAc 

core is more involved in mediating learning of the motivational value of cue-reward 

associations (Ambroggi et al. 2011; Chaudhri et al. 2010; Saunders et al. 2013). 

 

1.4 Synaptic Plasticity and Addiction 

Nicotine directly increases the firing rates of VTA dopamine neurons through 

activation of α4β2-containing nicotinic acetylcholine receptors expressed on the neurons 

themselves, however this effect lasts on the order of minutes to hours (Maskos et al. 
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2005; Herman et al. 2014; Tapper et al. 2004). The development of compulsive drug use 

requires a series of progressive neuroadaptations which underlie changes in drug seeking 

behavior and persist beyond the acute effects of drug use. Specifically, changes in the 

number and strength of connections between areas of the mesocorticolimbic dopamine 

system may facilitate escalation in drug consumption.  

Synaptic plasticity refers to experience-dependent changes in the number and 

efficacy of synaptic connections between neurons. The idea of synaptic plasticity was 

first proffered by Hebbs in 1940, who theorized that a neuron which was “repeatedly and 

persistently” induced to fire by another neuron would undergo a “growth process or 

metabolic change” that would result in an increased efficacy of their connection (Hebb 

1949). As we know it today, two molecular processes which drive synaptic plasticity are 

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

reduce the relative strength of a synapse respectively (Malenka & Bear 2004). LTP and 

LTD are most commonly found to be present at excitatory synapses that release the 

neurotransmitter glutamate. This type of synapse is found throughout the brain, including 

the VTA, NAc, and PFC. The VTA receives excitatory input from the PFC and the lateral 

habenula, and other brain areas, and the NAc receives a multitude of excitatory input 

from brain areas like the PFC, basolateral amygdala, and the hippocampus (Sesack & 

Grace 2010). A variety of molecular mechanisms precipitate the formation of LTP and 

LTD, perhaps most prominently signaling involving the N-methyl-D-aspartate receptor 

(NMDAR) and the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

(AMPAR) (Park et al. 2014; Bliss & Collingridge 1993). During the formation of 
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NMDAR-dependent LTP, coincident, high-frequency activation of the presynaptic and 

postsynaptic neurons leads to strong depolarization of the postsynaptic neuron. This 

depolarization displaces positively charged Mg2+ ions, which at resting potential bind and 

block the ion channel of NMDARs, allowing for the inward flow of calcium through 

NMDARs. The local intracellular concentration of calcium greatly increases, activating 

calcium-dependent signaling cascades that lead to the insertion of additional AMPARs 

into the synaptic membrane (Lüscher et al. 1999; Lledo et al. 1998). Conversely, 

NMDAR-dependent LTD relies on regular, low-frequency activation of the post-synaptic 

neuron which result in moderate levels of calcium. This, according to one prominent 

model, allows for preferential activation of calcium-dependent phosphatases (e.g. 

calcineurin and PP-1) that have high affinity for calcium, eventually leading to AMPAR 

endocytosis (Carroll et al. 2001; Bliss & Collingridge 1993; Mulkey et al. 1993). 

LTP and LTD both have significant roles in drug addiction. A single exposure to 

cocaine can induce LTP at excitatory synapses onto VTA dopamine neurons, increasing 

the AMPAR/NMDAR ratio and the subsequent amplitude of AMPA-mediated excitatory 

post-synaptic potentials (Ungless et al. 2001). Further, mice lacking the GluR1 AMPAR 

subunit, which is required for NMDAR-dependent LTP, display impaired cocaine 

conditioned place preference and impaired LTP in the VTA (Dong et al. 2004). However, 

repeated exposures to cocaine do not increase the AMPAR/NMDAR ratio in the VTA to 

a level greater than a single exposure, and changes in the AMPAR/NMDAR ratio in the 

VTA do not correlate with the behavioral sensitization that accompanies repeated cocaine 

exposure (Borgland et al. 2004). Therefore, some other process must be responsible for 
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behavioral changes (escalating drug use, locomotor sensitization, etc.) that accompany 

repeated cocaine administration. 

Synaptic plasticity occurring in the NAc, rather than the VTA, is one process that 

may be involved. A single cocaine exposure produces no change in the 

AMPAR/NMDAR ratio in the NAc, however repeated cocaine administration resulted in 

a decrease of the AMPAR/NMDAR ratio (Thomas et al. 2001). Similarly, prolonged 

cocaine self-administration led to a reduction in evoked excitatory post synaptic 

potentials (EPSPs) (a measure of the level of activation of the post-synaptic neuron) in 

the NAc, as well as a concomitant decrease in the ability to induce LTD by appropriate 

stimulation frequencies (Schramm-Sapyta et al. 2005; Martin et al. 2006). This is likely 

due to a preceding reduction in surface AMPAR expression, limiting the ability of 

AMPA endocytosis to further reduce the amplitude of EPSPs. 

To investigate whether the expression of LTD is directly involved in behavioral 

sensitization to drugs of abuse, rats who had received repeated amphetamine treatments 

were administered a membrane-permeable peptide blocking AMPAR endocytosis (and 

thus LTD) before receiving a dose of amphetamine. This prevented the expression of 

locomotor sensitization in amphetamine-treated rats, dropping their level of amphetamine 

induced locomotor activity to that of a drug naïve rat (Brebner et al. 2005). These results 

show that LTD in the NAc is both associated with dose escalation and essential to the 

expression of drug-sensitized behavior. 



14 

 

1.5 Sex Differences in Synaptic Plasticity 

Sex differences in synaptic plasticity have been observed in several studies, 

however most have looked exclusively at LTP. It is well established that estrogen 

treatment in the hippocampus enhances both the amplitude of EPSPs and the amplitude 

of LTP; this effect of estrogen was observed in both male and female mice (Bi et al. 

2000; Foy et al. 2008; Foy et al. 1999; Frick 2015; Sharrow et al. 2002; Smith & 

McMahon 2006; Smith et al. 2009). 

Estrogen, although predominately associated the development and regulation of 

the female reproductive system, is present in the central nervous system of both males 

and females. In addition to estrogen introduced by circulation, it is locally synthesized in 

neurons and astrocytes from testosterone by aromatases (Barakat et al. 2016). Moreover, 

estrogen receptors are expressed throughout the brain in males and females (Morissette et 

al. 2008), where they play important roles in neuroprotection, synaptic plasticity, and 

neurogenesis (Yoest et al. 2018). 

Despite the presence of estrogen in the brains of males and females, clear sex 

differences can be observed in the process of synaptic plasticity. For example, males 

exhibit greater LTP than females in perforant path synapses in the dentate gyrus of the 

hippocampus (neurons projecting from the entorhinal cortex) (Maren et al. 1994). 

Moreover, in the CA1 region of the hippocampus, LTP can be induced by a wider variety 

of stimulation frequencies in males than females (Yang et al. 2004). While sex hormones 

enhance LTP in both males and females, they differ in the mechanism by which this is 

achieved. Estrogen-dependent enhancement of LTP is mediated by NR2B-containing 
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NMDARs in females, while in males estrogen-dependent enhancement of LTP is 

facilitated by AMPA receptors (Romeo et al. 2005; Kramár et al. 2009). More studies are 

necessary to determine the functional effects of sex differences in synaptic plasticity and 

to identify which brain regions outside of the hippocampus also display them. 

 

1.6 Cdk5 

Cyclin-dependent kinase 5 (Cdk5) is a serine/threonine kinase that plays a critical 

role in neuronal development and synaptic homeostasis (Dhavan & Tsai 2001; McLinden 

et al. 2012; Turrigiano 2008). Cdk5 activity regulates the formation of dendritic spines, 

neurite outgrowth, as well as higher cognitive functions such as learning and memory 

(Shah & Lahiri 2014). Regulation of Cdk5 activity is accomplished primarily through the 

direct binding of protein partners, such as p35 and p39, which have largely neuron-

specific expression patterns. While Cdk5 is expressed throughout the body, the active 

form of Cdk5 is only present in neurons due to the requirement of coexpression with 

these protein activators (Shah & Lahiri 2014). The primary activator of Cdk5 is p35, a 

35kDa protein which is most commonly anchored to the plasma membrane by 

myristoylation. In addition to activating Cdk5 kinase activity, p35 helps to localize Cdk5 

to signaling complexes present on the membrane (Hagmann et al. 2015). However, this 

association is short lived as phosphorylation of p35 by Cdk5 on serine 8 promotes 

subsequent polyubiquitination and proteasomal degradation of p35, deactivating Cdk5 

(Minegishi et al. 2010; Patrick et al. 1998). 
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P35 is itself regulated at the both the transcriptional and post-translational levels. 

P35 mRNA expression is increased by brain-derived neurotrophic factor (BDNF) and 

nerve growth factor (NGF) signaling, retinoic acid, and integrin receptor signaling 

through the extracellular signal-regulated kinase/ early growth response-1 (ERK/EGR1) 

pathway (Dhavan & Tsai 2001; Shah & Lahiri 2014). The p35 protein is regulated post-

translationally through both post-translational modifications and proteolysis. P35 is 

myristoylated on its N-terminal tail, facilitating its association with the plasma membrane 

(Asada et al. 2008). Additionally, p35 contains two phosphorylation sites at serine 8 (S8) 

and threonine 138 (T138) (Saito et al. 2003). Phosphorylation of S8 promotes subsequent 

ubiquitination and also regulates the association of p35 with the plasma membrane, 

possibly by disrupting myristoylation of the N-terminal tail (Sato et al. 2007; Patrick et 

al. 1998). The calcium-dependent protease, calpain, regulates p35 through proteolysis by 

cleaving of the N-terminal “p10” region of p35 producing a truncated protein called p25. 

Phosphorylation of T138 of p35 prevents calpain-mediated production of p25 (Kamei et 

al. 2007). p25 is capable of sustained activation of Cdk5, partially due to its increased 

stability in comparison to p35 (Asada et al. 2012). Moreover, the elimination of the p10 

region frees p25 from the plasma membrane, allowing Cdk5 to phosphorylate proteins in 

the cytoplasm and nucleus. In this case, Cdk5-p25 can regulate transcription factors and 

epigenetic modifiers such as STAT3 and HDAC1 (Kim et al. 2008). Another Cdk5 

activator, p39, can also be cleaved by calpain to form p29; however p39 and p29 are 

mainly involved in oligodendrocyte development (Bankston et al. 2013). 
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1.7 Cdk5 and Drug Abuse 

Cdk5 signaling is implicated in the long-term effects of drugs of abuse. Cdk5 

expression is upregulated by chronic nicotine and cocaine treatment in the ventral 

striatum (Bibb et al. 2001)(Hallenberg, Hudson, et al, submitted). Pharmacological or 

siRNA mediated inhibition of Cdk5 signaling in the ventral striatum greatly facilitated 

cocaine-induced increases in locomotor behavior and conditioned place preference 

(Benavides & Bibb 2004; Bibb et al. 2001; Benavides et al. 2007). Since both of these 

behaviors are partially dependent on D1-receptor signaling (Cervo & Samanin 1995; 

Cabib et al. 1991), this effect may be due to regulation of D1 signaling by Cdk5. D1-

receptor activation leads activation of protein kinase A (PKA), and subsequent 

phosphorylation of dopamine- and cAMP-regulated neuronal phosphoprotein (DARPP-

32) at threonine 34. DARPP-32, when phosphorylated by PKA, decreases 

dephosphorylation of PKA targets by inhibiting protein phosphatase-1 (PP1) (Greengard 

et al. 1999). This allows PKA to regulate both glutamatergic and GABAergic signaling, 

which is required for the rewarding properties of cocaine (Zachariou et al. 2005; 

Greengard 2001). Cdk5 can phosphorylate DARPP-32 at threonine 75, thus converting 

DARPP-32 into a PKA inhibitor and dampening the downstream effects of D1 signaling 

(Benavides & Bibb 2004). Cdk5 is required for cocaine-induced increases in dendritic 

spine density in the ventral striatum, which is associated with dose escalation in cocaine 

self-administration (Robinson et al. 2001). Decreases in the level or effectiveness of 

dopamine signaling in the NAc during the development of drug addiction, such as those 
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produced by Cdk5, may form an essential part of dose escalation and the loss of 

autonomy experienced by people with addictions (Koob & Volkow 2016). 

 

1.8 Cdk5 and Synaptic Plasticity 

Cdk5 is an important regulator of functional and structural plasticity. Genetic 

knockouts of Cdk5 and Cdk5r1 (the gene for p35) showed impairments in the induction 

of LTD in the hippocampus, as well as reduced dendritic spine density (Hawasli et al. 

2007; Mishiba et al. 2014). Cdk5-p35 signaling is also required certain types of LTP in 

the hippocampus, e.g. BDNF-dependent LTP (Lai et al. 2012). Cdk5 signaling may exert 

these effects through several targets, including inhibition of Src kinase (Src), which 

phosphorylates the NMDAR subunit NR2B at Y1472. Phosphorylation of NR2B at 

Y1472 prevents endocytosis of the NMDA receptor (Zhang et al. 2008). When Cdk5 

phosphorylates Src it is subsequently ubiquitinated and degraded. This mechanism 

prevents Src phosphorylation of the NR2B subunit, and leads to increased NMDA 

receptor endocytosis. Further, Cdk5 can reduce the surface level expression of AMPA 

receptors through its phosphorylation of synaptic Ras-GAP 1 (synGAP), suppressor of 

AMPAR membrane insertion (Walkup et al. 2015), and by inhibition of the 

phosphorylation of the AMPA receptor subunit GluR1 at serine 845 by PKA which 

inhibits receptor endocytosis (Guan et al. 2011). Taken together, the net effect of Cdk5 

signaling is to oppose the formation of NMDAR-dependent LTP by reducing the surface 

level expression of AMPARs and the NR2B subunit of NMDARs. 
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Cdk5-p25 signaling is also involved in functional plasticity. p25 is generated 

following induction of either LTD or LTP in the hippocampus (Seo et al. 2014; Shipton 

& Paulsen 2014). ΔP35KI transgenic mice, whose p35 gene has been replaced by a 

knock-in version that cannot produce p25, show normal LTP, impaired LTD, impaired 

memory extinction, and reduced AMPAR endocytosis in the hippocampus (Seo et al. 

2014). Although high levels of p25 expression are neurotoxic, transgenic mice displaying 

constitutive low-levels of additional p25 expression showed improved reversal learning, 

cued-fear conditioning, and enhanced LTP in hippocampal CA1 synapses, compared to 

wildtype mice (Angelo et al. 2003; Fischer et al. 2005). Interestingly, these effects 

proved to be sex dependent. In a study by Ris and colleagues, low levels of additional of 

p25 expression either did not affect or enhanced LTP in female mice but greatly impaired 

LTP in males (Ris et al. 2005). Taken together, this suggests a physiological role for 

Cdk5-p25 signaling in synaptic plasticity, especially in LTD. 

 

1.9 Bdnf and TrkB 

BDNF is a member of the neurotrophin family of growth factors, which also 

includes nerve growth factor (NGF), neurotrophin-3 (NT3), and neurotrphin-4 (NT4) 

(Adachi et al. 2014). BDNF is widely expressed throughout the central nervous system 

where it participates in a large variety of cellular functions including neuroprotection, 

synaptic plasticity, and brain development (Adachi et al. 2014). The Bdnf gene consists 

of 11 exons in humans and 9 exons in rodents, including a single 5’ protein coding exon 

that is alternatively spliced to one of either 10 (in humans) or 8 (in rodents) other possible 
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noncoding exons. The expression of each non-coding exon is driven by a separate 

promoter (Cattaneo et al. 2016; Aid et al. 2007; Timmusk et al. 1993). 

The expression of Bdnf splice variants show differential responses to drugs of 

abuse, even though these isoforms are ultimately translated into the same mature BDNF 

protein (Koo et al. 2015; Liu et al. 2006). For example, chronic morphine suppressed the 

expression of Bdnf isoforms II, IV, and VI in the VTA, but had no effect on the 

expression of Bdnf isoform I (Koo et al. 2015). Moreover, acute cocaine treatments 

specifically induced expression of Bdnf isoforms IV and VI in the VS (Liu et al. 2006). In 

other words, these Bdnf mRNA isoforms do not encode different BDNF proteins, but 

they are driven by different promoters that are likely induced by different second 

messenger pathways, and thereby allow more complex spatiotemporal regulation of Bdnf 

expression (Liu et al. 2006). 

BDNF signaling occurs primarily through binding of tropomyosin-related kinase 

receptor B (TrkB), a membrane-bound tyrosine kinase receptor. Upon binding of Bdnf, 

TrkB forms a homodimer triggering autophosphorylation of its intracellular tyrosine 

residues (Kowiański et al. 2018). Subsequent BDNF-TRKB signaling activates a number 

of different signaling pathways including phosphoinositol-3 kinase/RAC-alpha 

serine/threonine protein kinase (PI3K/AKT), mitogen-activated protein kinase (MAPK), 

phospholipase C γ (PLC-γ), and Rho GTP-ases (Kowiański et al. 2018; Yoshii & 

Constantine-Paton 2010; Adachi et al. 2014). BDNF signaling through MAPK and 

PI3K/AKT mediates neuroprotection from excitotoxicity by activating anti-apoptotic 

signaling (Numakawa et al. 2010), while signaling through PLC-γ and Rho GTP-ases 
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regulates calcium dynamics and the actin and microtubule cytoskeleton (Minichiello 

2009; Gonzalez et al. 2016). 

BDNF-TRKB signaling plays an important role in both functional and structural 

plasticity. BDNF is released in response to neuronal activity and its expression is 

increased following induction of LTP in the hippocampus (Dragunow et al. 1993; 

Nakajima et al. 2008). The regulated expression of BDNF is required for the formation of 

LTP in hippocampal CA1 synapses, and promotes the formation of LTP in the dorsal 

striatum (Jia et al. 2010; Korte et al. 1995). Further, BDNF is required for the growth of 

dendritic spines following the induction of NMDAR-dependent LTP (Tanaka et al. 2008) 

and Cdk5-dependent dendritic spine formation (Lai et al. 2012). Conversely, BDNF is 

also involved in the maintenance of LTD involved in spatial learning (Aarse et al. 2016), 

indicating that, while BDNF signaling is an important regulator of synaptic plasticity, its 

effects are context-dependent. 

BDNF is also involved in cellular adaptations related to drug abuse. A single dose 

of nicotine produces elevated levels of BDNF in the nucleus accumbens (Graham et al. 

2007), and BDNF signaling following acute and repeated cocaine treatment is associated 

with increased behavioral sensitization (Filip et al. 2006). Direct infusion of BDNF into 

the NAc (Horger et al. 1999) and the VTA (Lu et al. 2004) produced long-lasting 

enhancement of cocaine self-administration, while heterozygous Bdnf knockouts showed 

reduced conditioned place preference and locomotor sensitization to cocaine (Hall et al. 

2003). Clearly, BDNF signaling is an important regulator of the behavioral response to 

drugs of abuse. 
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CHAPTER 2  

The expression and processing of Cdk5 and its activators may influence sex 

differences in drug dependence and Alzheimer’s disease 

 

2.1 Abstract 

Cyclin dependent kinase 5 (Cdk5) is activated primarily by binding to p25 and 

p35. The p25 subunit is generated by calcium-dependent cleavage of p35, which causes 

greater activation than p35. Overexpression of p25 is neurotoxic in the hippocampus. We 

measured these three proteins, as well as the mRNA levels of Cdk5r1 (which encodes 

p35), in the ventral striatum of adolescent and adult male and female mice after saline or 

nicotine injections. These proteins were also measured in adult dorsal striatum, 

hippocampus, and medial prefrontal cortex. We found that p35 cleavage occurred at the 

lowest rates in the ventral striatum of adult females, in which this cleavage was 

stimulated by nicotine. Conversely, p35 cleavage occurred at high rates in the ventral 

striatum of adolescent females prior to puberty, but was reduced by nicotine. In adult 

females, p35 cleavage also occurred at lower rates (than males) in the dorsal striatum and 

medial prefrontal cortex. Finally, p35 cleavage occurred at the highest rate in the adult 

female left hippocampus. We propose that estrogen receptors coupled to mGluR2/3 

receptors, which inhibit L-type calcium channels, also inhibit calcium-dependent 

cleavage of p35. Reduced levels of p25 in the ventral striatum of adult females may 

increase their responses to drugs of abuse. Estrogen-dependent inhibition of p25 



45 

 

formation was not evident in hippocampus, where levels of mGluR2/3 are much lower. 

We observed elevated levels of p25 in female left hippocampus, where the pathology of 

Alzheimer's Disease typically begins, possibly due to sex-dependent asymmetry of 

neuronal activity. 

 

2.1 Introduction 

Cyclin-dependent kinase 5 (Cdk5) is a proline-directed serine/threonine kinase 

that is primarily active in the central nervous system (Dhavan & Tsai 2001). Despite 

close homology with other cyclin-dependent kinases, Cdk5 has no known function in cell 

cycle control. Instead, it plays diverse roles in the regulation of neuronal development, 

synaptic function, and dopamine signaling, and other processes (Angelo et al. 2006; 

Benavides & Bibb 2004; Bibb 2003; Dhavan & Tsai 2001; Shah & Lahiri 2014). Cdk5 

signaling is critical for the development of the embryonic cerebral cortex, due to its roles 

in neuronal migration and cytoskeletal regulation (Homayouni & Curran 2000; Ohshima 

et al. 1996; Zhu et al. 2011). After embryonic development, Cdk5 continues to regulate 

synaptic function through phosphorylation of targets involved in neurotransmitter release, 

dendritic spine formation, and long-term potentiation (Fu et al. 2007; Hawasli et al. 2007; 

Kansy et al. 2004; Miranda-Barrientos et al. 2014; Norrholm et al. 2003). 

Cdk5 activity has consequences at the behavioral level and in neurodegenerative 

diseases. For example, Cdk5 signaling in the ventral striatum is necessary for behavioral 

sensitization and for cocaine-stimulated dendritic spine formation (Bibb et al. 2001; 

Norrholm et al. 2003; Taylor et al. 2007). Similarly, mice with forebrain-specific 
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knockouts of the Cdk5 gene have reduced spatial memory, fear conditioning, and startle 

responses (Su et al. 2013). Dysregulation of Cdk5 activity is neurotoxic and is implicated 

in the pathology of neurodegenerative diseases such as Huntington’s disease, Parkinson’s 

disease, and Alzheimer’s disease (AD) (Ikiz & Przedborski 2008; Kim et al. 2008; 

Shukla et al. 2012). 

Cdk5 kinase activity is regulated primarily through the directing binding of its 

protein partners p35 and p25. Monomeric Cdk5 displays no kinase activity, while binding 

of Cdk5 to p35 is necessary and sufficient for activation (Tsai et al. 1994). p35 is a 

membrane anchored protein, which is tethered to the plasma membrane via an N-terminal 

myristoylation site (Minegishi et al. 2010; Sato et al. 2007). Upon binding and activation 

of the Cdk5-p35 holokinase, p35 is degraded with a half-life of ~30 min, via the 

ubiquitin-proteasome pathway (Patrick et al. 1998; Saito et al. 2003).  

Alternatively, p35 can be cleaved by calpain (a calcium-dependent protease), 

whose cleavage produces p25, a relatively stable subunit (Dhavan & Tsai 2001; Saito et 

al. 2003), with a half-life at least 5-10 times longer than p35 (Patrick et al. 1999). The N-

terminal portion of p35 containing the myristoylation site is removed from p25, thus 

freeing it from the membrane (Kusakawa et al. 2000). The increased stability of p25 

results in a net increase in Cdk5 enzyme activity, and allows Cdk5/p25 to diffuse more 

widely, phosphorylating cytosolic and nuclear targets, which is the likely cause of the 

neurotoxic effects of excess levels of p25 (Patrick et al. 1999; Lee et al. 2000).  

Our lab has found age- and sex-dependent changes in Cdk5 gene expression, 

including an enhanced adolescent gene expression response to nicotine, and an overall 
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decline in Cdk5 gene expression in adult mice (Hallenberg et al. 2014)(Hallenberg, 

Hudson, et al., submitted). In the adult hippocampus (HC), low levels of additional 

(transgenic) p25 expression enhance spatial memory in females, but not in males (Ris et 

al. 2005). Conversely, low levels of additional (transgenic) p25 expression cause deficits 

in long-term potentiation (LTP) in CA1 of the HC in males, but not in females (Ris et al. 

2005). Moreover, heterozygous knockouts of Cdk5r1 (the gene that encodes p35) show 

sex differences in reversal learning, spatial memory, and the expression of proteins 

associated with dendritic spine formation (Engmann et al. 2011a). Taken together, these 

observations indicate that intriguing sex differences exist in the regulation of Cdk5 

enzyme activity.  

These observations also may be relevant to sex differences in certain diseases, 

particularly Alzheimer’s disease (AD), for which there is an extensive literature 

describing the role of Cdk5-p25 in AD pathology (Cruz & Tsai 2004; Sun et al. 2008; 

Sun et al. 2009). Women are twice as likely to acquire AD as men, even after adjustment 

for longevity (Alzheimer's Association 2017; Fratiglioni et al. 1997; Wise et al. 2001; 

Rocca et al. 2008). Moreover, the gene expression of Cdk5 and its regulators are 

substantially affected by schizophrenia and/or antipsychotic medications (Cantrup et al. 

2012; Cheung et al. 2006; Ramos-Miguel et al. 2013), and schizophrenia also shows 

substantial sex differences in prevalence, severity, and treatment efficacy (Rubin et al. 

2008; Weiser et al. 2000; Abel 2010). 

One possibility is that these sex differences reflect the actions of sex hormones, 

particularly estrogen, which is known to have multiple effects in the brain, including 
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trophic factor signaling, neurotransmitter release, and neuroinflammation (Fink et al. 

1998; Barth et al. 2015). If so, then the regulation of Cdk5 enzyme activity would be 

expected to change as estrogen levels increase during female development (Bell 2018). 

As a first stage in a broader analysis of sex-dependent differences in Cdk5 signaling, we 

here report measurements of the protein levels of Cdk5, p35, and p25 in the left and right 

ventral striatum (VS) of early adolescent mice (prior to puberty) and adult mice, as well 

as the mRNA levels of Cdk5r1 (the gene for p35). In order to assess the effects of 

neuronal activity on the regulation of Cdk5 activity, separate groups of these mice were 

injected with a moderate dose of nicotine (a psychostimulant; 4 times in 8 days), or 

saline. For anatomical comparisons, we also present measurements of these proteins in 

the dorsal striatum (DS), HC, and medial prefrontal cortex (mPFC) of adult control mice. 

All experiments were conducted with equal numbers of male and female mice. Here we 

show that the production of p25 was substantially reduced in the ventral striatum of adult 

females and was also reduced to a lesser extent in the other brain areas of adult females. 

We also found age and sex differences in the expression of Cdk5r1, as well as 

asymmetrical regulation of Cdk5 enzyme activity, particularly in females. 

 

2.2 Methods 

2.2.1 Animal Subjects 

C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME) 

and bred in our animal facility. Mice were housed in clear plastic cages with cellulose 

fiber bedding on a 12:12 light/dark cycle, with food and water provided ad lib. All mice 
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were weaned on postnatal day 21 (Pnd21). All animal procedures were approved by the 

George Mason University Institutional Animal Care and Use Committee and were in 

accordance with the guidelines published in the Guide for the Care and Use of Laboratory 

Animals” that was adopted by the NIH. This study was not preregistered, and neither 

randomization nor blinding were carried out. 

 

2.2.2 Drug Injections and Tissue Collection 

Animals included in the “adult” group were allowed to mature to at least Pnd90 

before their first injection, while mice in the “adolescent” group received their first 

injection on Pnd32. Mice received a total of four injections spaced every other day. Mice 

in the “nicotine-injected group” received injections of nicotine bitartrate dissolved in 

saline (0.5 mg/kg free-base equivalent), while mice in the “saline-injected” group were 

injected with an equivalent volume of 0.9% saline. At least 5 mice of each sex (male or 

female) and age (adolescent or adult) were sacrificed by decapitation 24 h after their last 

injection, the brain removed from the skull with a small spatula, and placed into a pre-

cooled metal brain matrix (ASI Instruments, Warren, MI) with 1 mm coronal divisions. 

Single edge razor blades were place into slots of the brain matrix corresponding to 

Bregma +1 and +2. The 1 mm slice between the razor blades contained the VS. It was 

removed by cutting an inverted “V”, centered on the midline (at a 90° angle) that passed 

just dorsal to both anterior commissures. The left and right halves of the VS were placed 

into separate, labeled 1.5 mL microcentrifuge tubes, and rapidly frozen in precooled 

aluminum blocks that were stored at -80°C. 
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For mRNA experiments, separate groups of at least 6 mice per each sex and age 

group were injected with nicotine or saline as above, and dissected using the same 

methods, except that the left and right VS were combined into a single sample. 

A control group of untreated male and female adult mice were sacrificed by 

decapitation and used for dissection of the mPFC, DS, and HC. The brain was placed in a 

pre-cooled metal brain matrix (ASI Instruments, Warren, MI) on ice, and razor blades 

placed in the same slots described above. The mPFC was dissected from the anterior 

portion of the brain by excising a strip 1 mm on either side of the midline. The left and 

right mPFC were placed in separate microfuge tubes. The DS was excised from the 1 mm 

thick brain slice between Bregma +1 and +2, by removing the tissue dorsal to the anterior 

commissure but ventral to the corpus callosum (Franklin & Paxinos 2008). Finally, the 

HC was dissected from the remaining posterior portion of the brain, by first bisecting the 

brain along the midline, removing the brain from the brain matrix, then gently pushing 

the cortex back to uncover the HC. Finally, the HC was gently lifted out from each 

hemisphere with a small spatula. Left and right HC were frozen in separate microfuge 

tubes.  

 

2.2.3 Protein Extraction and Sample Preparation 

Frozen tissue samples were ground to a fine powder using a mortar and pestle on 

dry ice. The powder was transferred to a labeled 1.5 mL microcentrifuge tube containing 

200 µL of tissue lysis buffer (T-PER lysis buffer; Pierce Biotechnology, Rockford, IL) 

containing the HALT protease and phosphatase inhibitor cocktail (Pierce Biotechnology, 
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Rockford, IL). This solution was sonicated for 12 x 10 sec bursts, with each burst 

separated by 50 sec on ice. The sonicated solution was then centrifuged at 13,000 rpm for 

15 min at 4°C, the supernatant was transferred to a fresh, labeled microcentrifuge tube, 

and stored frozen at -80°C. The protein concentration of each sample was measured with 

the Pierce BCA protein assay (Fisher Scientific, Waltham, MA). 

 

2.2.4 RNA extraction and qRT-PCR 

RNA was extracted from tissue samples essentially as previously described 

(Polesskaya et al. 2007). Briefly, RNA was extracted with Trizol-chloroform, purified 

with RNeasy spin columns (Qiagen), and DNase treated with DNA-free kits (Ambion). 

RNA concentrations were measured with a Nanodrop ND-1000 UV spectrophotometer 

(ThermoFisher, Waltham, MA). cDNA was synthesized from RNA samples with a 

GoScript Reverse Transcriptase kit (Promega, Madison, WI) with 2 µg of input RNA. 

qRT-PCR assays were performed using the MyIQ iCycler real-time PCR system 

(BioRad, Hercules, CA) and SYBR green fluorescent dye (BioRad, Hercules, CA). 

Samples were run in triplicate with control β-actin reactions run concurrently on the same 

reaction plate. Ct values for each sample were normalized to β-actin using the formula 2-

X/2-Y, where X is the Ct value for the gene of interest and Y is the Ct value of the same 

sample for β-actin (Polesskaya, 2007). The oligonucleotide primers were as following: 

for β-actin controls (accession number NM_007393) TGCCAACACAGTGCTGTCTG 

(exon 5) and GCCACCGATCCACACAGAG (exon 6). For Cdk5r1 (which encodes p35, 
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accession number NM_009871) CTCATCCTCATAGCCTGCCA and 

CTCTTTCCTCAGTTGCCGAC. 

 

2.2.5 Western Blots 

Ten µg of protein was mixed with an equal volume of 2x Laemmli buffer {CSH, 

2006 #85}, heated to 95°C for 5 minutes, and cooled at room temperature for 15 min. 

Each of these samples were loaded on a 5% acrylamide stacking gel (pH 6.8), poured 

over a 15% acrylamide separating gel (pH 8.8). Every gel included the following 

additional lanes: (i) molecular weight standards ranging in size from 116 to 14 

kiloDaltons (kD) (EZ-run protein ladder, Fisher Scientific, Walham, MA), (ii) bovine 

serum albumin (BSA) as an additional molecular weight reference, (iii) as a negative 

control sample, either mouse skeletal muscle protein extract (for p25 & p35 experiments), 

or mouse liver protein extract (for Cdk5 experiments), and (iv) as a positive control 

sample, three identical lanes of whole striatum protein extract (a pooled sample from two 

males and two females). Electrophoresis was performed at 40 mA (constant current) for 

100 min, following which the gel was transferred to a polyvinylidene fluoride (PVDF) 

membrane for 2 h at 250 mA {Towbin, 1979 #175}. The portion of the PVDF membrane 

with the molecular weight standards and BSA were removed and stained with 0.1% 

Amido Black. At this point, the membrane was cut at a point corresponding to 40 kD and 

the upper portion of the membrane (containing proteins > 40 kD) was retained for total 

protein staining, while the lower portion (containing proteins < 40 kD) was used for 

antibody staining. The lower portion of the membrane was blocked by preincubation in 
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5% nonfat dry milk (Nestle, Soloh, OH) in Tris-buffered saline plus Tween 20 (TTBS) 

for 1 h at room temperature. Primary antibodies were diluted 1000-fold (in 5% nonfat dry 

milk in TTBS). Primary antibodies were either rabbit anti-Cdk5 (IgG polyclonal, Cell 

Signaling Technology, Danvers, MA, catalog # 2506S), or rabbit anti-p35 (rabbit IgG 

monoclonal, Cell Signaling Technology, Danvers, MA, catalog # 2680S). PVDF 

membranes were incubated in diluted primary antibody overnight at 4°C, followed by 5 x 

5 min washes in TTBS at room temperature. PVDF membranes were then incubated in 

secondary antibody (conjugated to alkaline phosphatase) for 1 h at room temperature, 

followed by 5 x 5 min washes in TTBS, 2 x 5 min in distilled water, and finally 3 x 10 

min in 0.1 M carbonate buffer pH 9.8. Antibody-stained bands were visualized by 

alkaline phosphatase chemiluminescence, using the CDP-Star chemiluminescent 

substrate (Sigma-Aldrich, Milwaukee, WI). After a 5 min incubation at room temperature 

in CDP-Star, PVDF membranes were photographed in complete darkness using a cooled 

CCD camera (Tucsen Photonics, Fuzhou, China) set to 25 dB gain and a 21 min exposure 

time. Images were smoothed ("despeckled" to reduce noise) and background-subtracted 

(with the rolling ball method, 50 pixel radius) using ImageJ software (National Center for 

Biotechnology Information, Bethesda, MD). Individual protein bands were quantified 

using Gel Analyzer (Lazar Software, http://www.gelanalyzer.com). 

 

2.2.6 Total Protein Staining 

Total protein staining of the upper portion of the membrane was performed with 

0.1% India ink in phosphate-buffered saline (pH 7.4) with 0.3% Tween 20 (PBST). The 

http://www.gelanalyzer.com/
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membrane was first treated with 180 mM NaOH for 5 min, then washed 2 x 5 min with 

ddH2O, and 4 x 10 min washes in PBST. The membrane was stained by shaking 

overnight at room temperature in 0.1% India ink in PBST, then washed in ddH2O 3 x 5 

min, and allowed to air-dry for 1 h. Stained membranes were photographed with a cooled 

CCD camera set to 6 dB gain and a 10 sec exposure time, while illuminated by diffuse 

visible light (Panelescent night lights, Sylvania, Wilmington, MA). Densitometry was 

performed on the resulting images with Gel Analyzer (Lazar Software, 

http://www.gelanalyzer.com), by integrating the optical density (Kruiswijk et al. 1978) of 

the entire protein lane, from the top of the analytical gel down to the bottom of the -

actin band at 42 kD. 

 

2.2.7 Data Normalization and Analysis 

The chemiluminescence of each antibody-stained band was normalized with the 

following formula: (chemiluminescence) / (integrated optical density of total proteins ≥ 

42 kD in the same gel lane, as defined in the previous paragraph). This controlled for 

variation (between lanes) in the amount of protein samples that were loaded. Comparison 

between samples from different gels was facilitated by a further round of normalization, 

in which each of the above normalized chemiluminescence values were expressed as a 

ratio to the similarly normalized signal obtained from a pooled whole striatum control, 

loaded on each gel in triplicate (see previous section entitled “Western blots”). For Cdk5, 

the whole striatum control value was (Cdk5 chemiluminescence) / (total protein ≥ 42 

kD). For p35 and p25, the whole striatum control value was (p35 chemiluminescence) / 
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(total protein ≥ 42 kD). This controlled for variation between blots in antibody staining, 

chemiluminescent reactions, etc. 

Data analysis was performed primarily by univariate ANOVAs, which were 

calculated for each gene or protein with the Statistical Package for the Social Sciences 

(SPSS Inc., Chicago, IL). The between-subjects factors were Brain_Area (VS, DS, HC, 

mPFC), Age (adolescent, adult), Sex (male, female), Side (left, right), and Drug (nicotine, 

saline). 

Student's t-tests, graphs, and data quality control tests were performed with 

GraphPad PRISM 6 (GraphPad Software Inc., San Diego, CA). All t-tests were two-

tailed. Data distributions were tested for a normal distribution with the Kolmogorov-

Smirnov test (all results presented here did qualify as following a normal distribution). 

Individual data points were screened for outliers with the ROUT algorithm, however no 

outliers were observed. A few samples were excluded in cases of a reaction failure 

(where there was no visible protein band) or after the sample had been exhausted. 

Welch's correction was applied to t-tests in which the variances were significantly 

different, as shown by the F-test. An  value of 0.05 was used to determine statistical 

significance. 

 

2.3 Results 

2.3.1 p35 and p25 protein in the VS 
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Figure 2.1 The effects of repeated nicotine (or saline) injections on p35 (a) and p25 (b) proteins in the left and 

right ventral striatum of male and female adolescent and adult mice.  

Sample sizes (numbers of mice) were as follows (n = left, right samples): adolescent female nicotine p35 (n = 5,5), p25 

(n = 5,4); adolescent female saline p35 (n = 5,5), p25 (n = 5,5); adolescent male nicotine p35 (n = 5,5), p25 (n = 5,5); 

adolescent male saline p35 (n = 5,5), p25 (n = 4,4); adult female nicotine p35 (n = 6,6), p25 (n = 5,5); adult female 

saline p35 (n = 6,5), p25 (n = 6,5); adult male nicotine p35(n = 4,4), p25 (n = 4,4); adult male saline p35 (n = 5,6), p25 

(n = 5,6). Within each age and sex, a t-test was performed to compare samples that differed by a single factor (left vs. 

right with same drug injection; or nicotine vs. saline on the same side). The significance of pairwise comparisons (by t-

test) is represented by asterisks: *, p < 0.05; **, p < 0.01; ***, p < 10-3. Whiskers represent minimum and maximum 

value with a line at the median. 

 

 

The expression of the coactivators of Cdk5 is rate limiting for Cdk5 kinase 

activity (Takahashi et al. 2005), and hence the protein levels of p35 and p25 are likely to 

reflect Cdk5 enzyme activity in the brain areas examined here. We measured p35 and p25 

protein levels with a monoclonal antibody that binds to an amino acid sequence shared 

between p35 and p25, and thus could be used to quantify both p25 and p35 when they 

were separated on western blots.  

In the VS, we found that p25 levels were significantly lower in adult (> Pnd90) 

female controls (compared to adult male controls). Univariate ANOVAs of p25 levels in 

the VS revealed a main effect of Age [F1,61 = 17, p < 10-3], and interactions of Age*Sex 



57 

 

[F1,61 = 5.0, p < 0.05], Age*Drug [F1,61 = 10.1, p < 0.01], and Sex*Drug [F1,61 = 13, p < 

10-3]. These interactions were partially attributable to the low levels of p25 in adult 

female VS (Fig. 2.1b). In the adolescent male VS, p25 production was substantially 

reduced by nicotine, although nicotine had no effect on p25 production in the adolescent 

female VS. The result was a Sex*Drug interaction in adolescents [F1,28 = 4.1, p < 0.05]. 

Conversely in the adult female VS, p25 production was increased by nicotine, as shown 

by comparison to adult female controls by paired t-test [t(9) = 4.7, p < 0.01]. 

We found that the groups of mice with the lowest p25 levels in the VS (adolescent 

males after nicotine injections, and adult females after either nicotine or saline injections) 

also had the highest p35 levels, indicating that both sets of observations were attributable 

to relatively low rates of calcium-dependent cleavage of p35 to form p25 (Fig. 2.1). 

Further analysis of p35 levels by univariate ANOVAs revealed a main effect of Sex [F1,65 

= 6.2, p < 0.05], and interactions of Age*Sex [F1,65 = 39, p < 10-7], Age*Drug [F1,65 = 

7.9, p < 0.01] and Sex*Drug [F1,65 = 5.0, p < 0.05]. We also found a highly significant 

three-way interaction of Age*Sex*Drug [F1,65 = 15, p < 10-3] (Fig. 2.1a). The main effect 

of Sex and the interaction of Sex*Drug reflected the higher expression of p35 in adult 

females (compared to adult males), as well as adolescent effects in which nicotine had a 

larger effect on p35 expression in adolescent males (compared to adolescent females) 

(Fig. 2.1a).  

To further explore the effect of Sex on p35 levels, we analyzed males and females 

separately by univariate ANOVA. In males, the results revealed a significant interaction 

of Age*Drug [F1,29 = 18, p < 10-3], but this interaction was not significant in females. 
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The male interaction of Age*Drug was primarily due to the opposite effects of nicotine in 

adolescent males (where nicotine increased p35) vs. adult males (where nicotine 

decreased p35).  

We also explored age effects by analyzing adolescent and adult mice separately. 

In adolescent mice injected with saline, p35 expression was similar in males and females 

(Fig. 2.1a). However, in adolescent mice injected with nicotine, p35 expression was 

significantly higher in adolescent males (compared to adolescent females), producing an 

adolescent interaction of Sex*Drug [F1,32 = 28, p < 10-5]). The opposite pattern was 

observed in adults, where female saline controls showed significantly higher p35 

expression than male saline controls, resulting in a main effect of Sex in adult VS p35 

levels [F1,33 = 28, p < 10-5]. Nevertheless, the overall effects of Drug (i.e., when 

comparing nicotine to saline) were not significant in adult VS p35 (Fig. 2.1a). 

 

2.3.2 Cdk5 Protein in the VS 
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Figure 2.2 The effects of repeated nicotine (or saline) injections on Cdk5 protein levels in the left and right 

ventral striatum of male and female adolescent and adult mice.  

Sample sizes (numbers of mice) were as follows (n = left, right samples): adolescent female nicotine (n = 5,5); 

adolescent female saline (n = 5,4); adolescent male nicotine (n = 5,4); adolescent male saline (n = 5,5); adult female 

nicotine (n = 6,6); adult female saline (n = 6,5); adult male nicotine (n = 4,4); adult male saline (n = 6,6). Within each 

age and sex, a t-test was performed to compare samples that differed by a single factor (left vs. right with same drug 

injection; or nicotine vs. saline on the same side). The significance of pairwise comparisons (by t-test) is represented by 

asterisks: *, p < 0.05; **, p < 0.01; ***, p < 10-3. Whiskers represent minimum and maximum value with a line at the 

median. 

 

We also measured Cdk5 protein levels in the VS. Univariate ANOVAs revealed 

effects of Sex [F1,66 = 21, p < 10-4] and Drug [F1,66 = 12, p < 0.01], as well as interactions 

of Age*Sex [F1,66 = 18, p < 10-4], Age*Side [F1,66 = 9.1, p < 0.01], Age*Drug [F1,66 = 

16, p < 0.01], and Sex*Side [F1,66 = 6.0, p < 0.05]. In this case, the variable named 

"Side" represents the comparison of samples from the left vs. right VS of the same 

animal. Univariate ANOVA also revealed significant interactions of Age*Sex*Drug 

[F1,66 = 12, p < 0.01], Sex*Side*Drug [F1,66 = 5.9, p < 0.05] and Age*Sex*Side*Drug 

[F1,66 = 20, p < 10-4]. 

The interactions involving Side in VS Cdk5 ANOVAs were influenced by the 

sex-dependent asymmetry of Cdk5 expression in adolescent mice (Fig. 2.2). For example, 

Cdk5 levels were higher in the left VS of adolescent female controls [compared to their 
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right VS, t(7) = 3.8, p < 0.01]. This left-right difference was absent (or possibly reversed) 

in male saline controls (Fig. 2.2). In any case, we explored the effects of Sex by 

analyzing males and females separately, in univariate ANOVAs of VS Cdk5 data. In 

females, we found an effect of Side [F1,34 = 5.1, p < 0.05] and an interaction of Age*Side 

[F1,34 = 8.5, p < 0.01]. In males, neither effect was significant, which confirms our 

impression that adolescent females showed greater asymmetry (than adolescent males) in 

VS Cdk5 protein levels. 

Overall, we found that nicotine injections had a profound effect on Cdk5 

asymmetry. More specifically, Cdk5 asymmetry in the adolescent female VS was 

eliminated by nicotine, as shown by paired t-tests comparing adolescent female Cdk5 in 

the left VS to right VS after nicotine injections (Fig. 2.2). Conversely, nicotine down-

regulated Cdk5 protein levels in the adolescent male right VS [t(7) = 3.8, p < 0.01], but 

not in the adolescent male left VS (Fig. 2.2). The result was that nicotine created a new 

asymmetry in adolescent male VS, as shown by paired t-tests comparing adolescent male 

Cdk5 in the left VS to right VS after nicotine injections [t(7) = 6.3, p < 10-3] (Fig. 2.2).  

In adult mice, Cdk5 protein levels in the VS were not significantly asymmetric 

when comparing left vs. right in the same animal (Fig. 2.2). However, in another respect 

the adult nicotine response was asymmetric, as the nicotine response was significant only 

on the left side of both males and females, and yet the nicotine response was also in 

opposite directions in males vs. females (Fig. 2.2). These multiple differences between 

adolescent vs. adult Cdk5 protein levels in the VS produced interactions of Age*Side 

[F1,66 = 9.1, p < 0.01] and Age*Drug [F1,66 = 16, p < 0.01]) (Fig. 2). 
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2.3.3 Cdk5r1 mRNA in the VS 

 

 
Figure 2.3 The effects of repeated nicotine (or saline) injections on Cdk5r1 gene expression in the ventral 

striatum of male and female adolescent and adult mice.  

Sample sizes (numbers of mice) were as follows (n = nicotine, saline-injected mice): adolescent females (n = 6,6), 

adolescent males (n = 6,6), adult females (n = 6,6), adult males (n = 6,6). The significance of pairwise comparisons (by 

t-test) is represented by asterisks: *, p < 0.05. Whiskers represent minimum and maximum value with a line at the 

median. 

 

We previously reported that nicotine induces an adolescent-specific 

transcriptional response in Cdk5 mRNA (Hallenberg et al. 2014)(Hallenberg, Hudson, et 

al, submitted). Here we extend this analysis to the transcriptional response of the gene 

encoding the regulatory subunit, Cdk5r1, which was distinctly different. We found that 

VS Cdk5r1 mRNA levels were higher in adolescents than adults, producing a main effect 

of Age for VS Cdk5r1 mRNA [F1,40 = 5.2, p < 0.05] (Fig. 2.3). This age difference was 

reduced (or eliminated) by nicotine, producing an Age*Drug interaction [F1,40 = 8.9, p < 

0.01] (Fig. 2.3).  
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We explored the significant effect of Age on VS Cdk5r1 mRNA by performing 

separate univariate ANOVAs on adolescents and adults. The results confirmed significant 

effects of Drug in both adolescents [F1,20 = 5.3, p < 0.05] and adults [F1,20 = 4.7, p < 

0.05]. In other words, the Age*Drug interaction for VS Cdk5r1 mRNA (see previous 

paragraph) was caused by a combination of both significant down-regulation by nicotine 

in adolescents, and significant up-regulation by nicotine in adults (Fig. 2.3). We were 

unable to analyze the asymmetry of VS Cdk5r1 mRNA, because the tissue for this 

experiment from the left and right VS had been combined before they were frozen. 

2.3.4 Cdk5, p35, and p25 proteins in other brain areas 

 

 
Figure 2.4 Cdk5 protein levels in the dorsal striatum (a), hippocampus (b), and medial prefrontal cortex (c) of 

untreated (control) adult male and female mice.  

Sample sizes (numbers of mice) were as follows (n = left, right samples): DS samples from adult females (n = 5,5) and 

adult males (n = 4,4). HC samples from adult females (n = 4,4) and adult males (n = 5,5). mPFC samples from adult 

females (n = 6,6) and adult males (n = 5,4). Whiskers represent minimum and maximum value with a line at the 

median. A t-test was performed to compare samples that differed by a single factor (left vs. right in one sex; or male vs. 

female on the same side). 

 

In order to provide an anatomical comparison with other brain areas, we also 

measured Cdk5, p35, p25 proteins in the dorsal striatum (DS), hippocampus (HC), and 

the medial prefrontal cortex (mPFC) of adult male and female mice. The results showed 
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that adult males and females did not differ from each other in their Cdk5 protein levels in 

the DS (Fig. 2.4a), HC (Fig. 2.4b), or mPFC (Fig. 2.4c). In terms of asymmetry, we found 

that adult female mice exhibited a consistent trend towards higher Cdk5 levels on their 

left (compared to the right side of the same brain area) that extended across the mPFC, 

DS, and HC (Fig. 2.4). These left-right differences did not reach statistical significance 

with the present sample sizes, regardless of whether the brain areas were tested separately 

or together (not shown). 

 

 
Figure 2.5 p35 protein levels in the dorsal striatum (a), hippocampus (b), and medial prefrontal cortex (c), as 

well as p25 protein levels in the dorsal striatum (d), hippocampus (e), and medial prefrontal cortex (f) of 

untreated (control) adult male and female mice.  

Sample sizes (numbers of mice) were as follows (n = left, right). DS samples from females stained for p35 (n = 5,5) 

and p25 (n = 4,4). DS samples from males stained for p35 (n = 4,4) and p25 (n = 4,4). HC samples from females 

stained for p35 (n = 4,4) and p25 (n = 5,5). HC samples from males stained for p35 (n = 5,5) and p25 (n = 5,5). mPFC 

samples from females stained for p35 (n = 6,6) and p25 (n = 6,6). mPFC samples from males stained for p35 (n = 6,6) 

and p25 (n = 6,6). A t-test was performed to compare samples that differed by a single factor (left vs. right in one sex; 
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or male vs. female on the same side). The significance of pairwise comparisons (by t-test) is represented by asterisks: *, 

p < 0.05; **, p < 0.01; ***, p < 10-3. Whiskers represent minimum and maximum value with a line at the median. 

 

Similarly, males and females did not differ from each other in their p35 levels in 

the DS (Fig. 2.5a) or HC (Fig. 2.5b). In the mPFC, however, p35 was significantly higher 

in females than in males (Fig. 2.5c), producing a large main effect of Sex [F1,20 = 55, p < 

10-6]). 

Conversely, in the DS we found that p25 levels were significantly higher in males 

than females (Fig. 2.5d), producing a significant effect of Sex for DS p25 levels [F1,12 = 

5.4, p < 0.05]. We note that p25 levels were also higher in males than females in the VS 

(see above under "p35 and p25 protein in the VS"). In the female HC, p25 levels were 

significantly higher on the left (compared to the right [t(6) = 2.6, p < 0.05]). Female left 

HC p25 levels also appeared to be higher than the male left HC p25 (Fig. 25e), even 

though male HC p25 levels were not significantly asymmetrical (p > 0.6). In the mPFC, 

p25 levels did not differ significantly between males than females (Fig. 2.5f). 

2.3.5 The fraction of p35 that was converted to p25 

In the adolescent male VS, the fraction of p35 that was converted to p25 (the "p25 

fraction") was significantly reduced by nicotine on the left [t(7) = 3.6, p < 0.01] and right 

VS [t(7) = 4.0, p < 0.01] (Fig. 2.6). In contrast, the adult female VS had the lowest "p25 

fraction" under all circumstances, as well as the highest levels of p35 (Fig. 2.1a) and the 

lowest levels of p25 (Fig. 2.1b). Nicotine significantly increased the "p25 fraction" in the 

adult female right VS [t(8) = 2.3, p < 0.05], presumably due to calcium currents activated 

by nicotine, and flowing through nicotinic acetylcholine receptors in the VS (Licheri et 
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al. 2018). These sex differences appeared to be smaller in the DS of control adults (with 

no injections), where the "p25 fraction" was slightly lower in adult females than adult 

males, and these sex difference were trending towards significance [t(14) = 2.1, p = 

0.057] (Fig. 7a). 

 

 
Figure 2.6 The effects of repeated nicotine doses on the fraction of p35 protein that was cleaved to form p25 in 

the left and right ventral striatum of male and female adolescent and adult mice.  

Sample sizes (numbers of mice) were as follows (n = left, right): adolescent female nicotine (n = 5,4); adolescent 

female saline (n = 5,4); adolescent male nicotine (n = 5,5); adolescent male saline (n = 4,4); adult female nicotine (n = 

5,5); adult female saline (n = 6,5); adult male nicotine (n = 4,4); adult male saline (n = 5,6). Within each age and sex, a 

t-test was performed to compare samples that differed by a single factor (left vs. right with same drug injection; or 

nicotine vs. saline on the same side). The significance of pairwise comparisons (by t-test) is represented by asterisks: *, 

p < 0.05; **, p < 0.01; ***, p < 10-3. Whiskers represent minimum and maximum value with a line at the median. 

 

In the mPFC of control adults (with no injections), we found a significantly lower 

"p25 fraction" in females than in males [t(22) = 5.1, p < 10-4] (Fig. 2.7c). In the HC, the 

"p25 fraction" did not differ significantly between males and females [t(16) = 0.54, p > 

0.5], but was significantly higher in the female left HC (compared to the female right; 

t(6) = 4.8, p < 0.01; Fig. 2.7b). The "p25 fraction" in the female left HC was also higher 
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than in the male left HC [t(6) = 2.88, p < 0.05]. Conversely, the "p25 fraction" in the 

female right HC was lower than the male right HC [t(7) = 4.2, p < 0.01]. In mammals, the 

left and right HC are differentially assigned to procedural vs. spatial memory (Iglói et al. 

2010), and highly aversive vs. mildly aversive emotional processing (Sakaguchi & 

Sakurai 2017). In the present report, the "p25 fraction" resulted rather directly from 

physiological calcium currents. Therefore, the significance of our observations of left-

right asymmetry in the "p25 fraction" is that this reflects left-right asymmetry in neural 

activity. 

 

 
Figure 2.7 The fraction of p35 protein that was cleaved to form p25 in the dorsal striatum (a), hippocampus (b), 

and medial prefrontal cortex (c) of untreated adult males and females.  

Sample sizes (numbers of mice) were as follows: DS samples from females (n = 4,4) and males (n = 4,4). HC samples 

from females (n = 4,4) and males (n = 5,5). mPFC samples from females (n = 6,6) and males (n = 6,6). A t-test was 

performed to compare samples that differed by a single factor (left vs. right in one sex; or male vs. female on the same 

side). The significance of pairwise comparisons (by t-test) is represented by asterisks: **, p < 0.01; ***, p < 10-3. 

Whiskers represent minimum and maximum value with a line at the median. 

 

2.4 Discussion 

2.4.1 Adult female mice have reduced p25 levels in most brain areas 

We found that the levels of p25 were significantly lower in the VS of adult 

females (compared to adult males). On the other hand, p25 protein levels did not differ 
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between adolescent males and females prior to puberty (at Pnd39). Based on these 

observations, it is likely that the sex differences in p25 production arose during puberty. 

Several lines of evidence further indicate that these changes during puberty were due to 

reduced cleavage of p35 in adult females (rather than reduced translation of p35). First, 

there was no evidence for reduced translation of p35 in adult females – to the contrary, 

the VS in adult females had higher levels of p35 than the VS in either adult males or 

adolescent females (Fig. 2.1a). Second, when we estimated the fraction of p35 that had 

been converted into p25 [by quantifying the ratio (p25) / (p25 + p35) = "p25 fraction"], 

we found that the "p25 fraction" was significantly lower in adult females than in adult 

males in the VS (Fig. 2.6) and in the mPFC (Fig. 2.7c), and in the DS (although not 

significantly; Fig. 2.7a). The only exception was found in the HC, particularly on the left 

side of the HC, where the calculated "p25 fraction" was significantly higher in adult 

females than in adult males (Fig. 2.7b).  

We reach two conclusions from these results. First, that some aspect of female 

maturation (such as estrogen signaling) reduces the calcium-dependent cleavage of p35. 

And second, that the known lateral specializations in the HC [for example, see (El-Gaby 

et al. 2014; Shipton et al. 2014)] may be capable of overcoming this limitation, by 

increasing p25 production in the left HC of adult females, presumably via increased 

physiological activity. We will briefly discuss each of these points in turn. 
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2.4.2 Molecular mechanism of reduced p25 production in adult females 

The estrogen receptor (E2) subtypes alpha (ERα) and beta (ERβ) are expressed 

throughout the brain, including the cerebral cortex, cerebellum, HC, and VS of both 

males and females (Shughrue et al. 1997; Morissette et al. 2008). Estrogen receptors can 

act as ligand-activated transcription factors that alter gene transcription in the nucleus, 

but can also exert rapid effects on cellular signaling, by associating with cell surface 

signaling complexes through adaptor proteins such as striatin (Frick 2015; Lu et al. 

2004). The striatin protein targets estrogen receptors to the membrane by mediating the 

formation of an ERα-striatin-Gαi complex (Benoist et al. 2006), which in turn stimulates 

the downstream pathways of Gαi signaling, including mitogen-activated protein kinase 

(MAPK), phosphatidylinositol 3 kinase (PI3K), and Akt kinase (AKT) (Kumar et al. 

2007; Lu et al. 2004). Striatin is expressed throughout the brain and can be found in the 

neuronal cell somas and dendrites, with the highest concentrations in dendritic spines 

(Benoist et al. 2006).  

Caveolins comprise a second relevant family of adaptor proteins that help to 

localize particular signaling proteins to membrane microdomains, and in this way 

facilitate the association of E2 receptors with metabotropic glutamate receptors (mGluR) 

(Stern & Mermelstein 2010). These signaling complexes respond to estrogen binding by 

further activating Gq or Gi-linked mGluR signaling (Meitzen & Mermelstein 2011). In the 

HC, ERα associates with CAV1 and mGluR1a (which signals through Gq), while both 

ERα- and ERβ-caveolin associate with CAV3 and mGluR2 (which signals through Gi/o) 

(Boulware et al. 2005; Stern & Mermelstein 2010). In the striatum, ERα associates with 
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CAV1 and mGluR5 (which signals through the Gq), while both ERα- and ERβ associate 

with CAV3 and mGluR3 (which signals through Gi/o) (Grove-Strawser et al. 2010; Stern 

& Mermelstein 2010). These caveolin complexes are not mutually exclusive with striatin 

complexes, rather striatin proteins have a caveolin-binding domain and are thus 

presumably also localized to caveolin microdomains (Benoist et al. 2006).  

L-type calcium channels are voltage-gated calcium channels that are localized to 

caveolin microdomains (Stern & Mermelstein 2010), where their calcium currents can be 

inhibited by estrogen, via interactions between estrogen receptors, mGluR2/3 and Gi/o 

(Meitzen & Mermelstein 2011; Mermelstein et al. 1996; Grove-Strawser et al. 2010). 

Because L-type calcium channel currents have been shown to activate calpain (Liu et al. 

2008), and because calpain is the calcium-dependent protease responsible for cleaving 

p35 to form p25 (Lee et al. 2000), it seems likely that estrogen inhibition of calcium 

currents (Chaban & Micevych 2005) is responsible for the reduction in cleavage of p35 

when female mice reach sexual maturity.  

 

2.4.3 Increased p25 formation in female left hippocampus 

In contrast to the other brain areas examined, we found that the HC did not show 

reduced p25 formation in adult females (Figs. 2.1, 2.5, 2.6, 2.7). In fact, p25 formation 

was significantly increased in the left HC of adult females (Fig. 2.7b). This is consistent 

with our postulated molecular mechanism, according to which the functional coupling of 

estrogen receptors with mGluR2/3 receptors reduced L-type calcium currents, thus 

reducing p25 formation in the ventral striatum of adult females (see above). This would 
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not occur in the HC, because the HC contains few (if any) mGluR2/3 receptors, but is 

richly supplied with mGluR1/5 receptors [see allenbrainatlas.com and (Lein et al. 2007)] 

that are also coupled to estrogen receptors (Grove-Strawser et al. 2010), but signal via 

Gαq and hence have no direct effect on L-type currents (Grove-Strawser et al. 2010; 

Meitzen & Mermelstein 2011). Instead, mGluR1/5 receptors signaling through Gαq 

stimulate calcium signaling through the phospholipase C/inositol triphosphate pathway 

(Rebecchi & Pentyala 2000), which could potentially stimulate p25 formation. Therefore, 

the remarkably powerful, sex-specific effects of estrogen on HC physiology and 

behaviors (Foy et al. 2008) correspond to the uniquely biased composition, and very 

abundant levels, of mGluR receptors in the HC, because the latter are also functionally 

coupled to estrogen receptors (Meitzen & Mermelstein 2011). 

 



71 

 

 
Figure 2.8 p25 protein levels in adult male (top) and female (bottom) mice in the dorsal striatum (DS), 

hippocampus (Hippo), nucleus accumbens (NAc), and medial prefrontal cortex (mPFC). 

Color values based on computer generated scale from 0 to 0.5 covering the range of values measured (after 

normalization to total protein). 

 

2.4.5 Age and Sex differences in Cdk5 signaling 

We found that the protein levels of Cdk5, p35, and p25 varied based on the sex 

(male or female) and age (adolescent or adult) of the mice. For example, a significant 

main effect of Sex was found by univariate ANOVA for all three of these proteins in the 

VS (see Results), emphasizing the importance of sex in this case. Moreover, all three of 
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these proteins also showed significant interactions of Age*Sex, further emphasizing the 

importance of sexual development for Cdk5 signaling in the VS.  

In terms of specific proteins in the VS, Cdk5 was expressed at much higher levels 

in adolescent females than in any other age group or sex. Moreover, we found that the 

greatest asymmetry in Cdk5 expression was present in adolescent females (Fig. 2.2), 

which is also the case for several genes in the dopamine pathway (Murphy, Hudson, et 

al., in preparation). More specifically, the highest levels of Cdk5 were observed in the left 

VS of adolescent female saline controls (Fig. 2.2). Among adult mice, we did not find 

any significant asymmetry or sex differences in Cdk5 protein levels in the VS (Fig. 2.2), 

DS, HC, or mPFC (Fig. 2.4). 

We found that p35 protein levels were higher in adult female VS (compared to 

adult male VS), but otherwise did not differ significantly between adult VS and 

adolescent VS, or by sex among adolescents (Fig. 1a). In contrast, the levels of Cdk5r1 

mRNA (which encodes p35) were higher in adolescents than in adults (Fig. 3). Given that 

the levels of p35 were similar in adolescents and adults (Fig. 2.1a), while the levels of 

p25 were significantly higher in adolescents (Fig. 2.1b), this suggests that p35 is cleaved 

more rapidly in adolescents (Fig. 2.6). 

On the other hand, we found that adult females expressed considerably higher 

levels of p35 than adult males in two brain areas – the mPFC (Fig. 2.5c) and the VS (Fig. 

2.1a), but not in two other brain areas – the DS (Fig. 2.5a) and the HC (Fig. 2.5b). 

Likewise, among adults, the "p25 fraction" (an estimate of the fraction of p35 protein that 

was cleaved) was significantly lower in females (vs. males) in the VS (Fig. 2.6) and the 
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mPFC (Fig. 2.7c), but was not significantly lower in the DS (trending towards 

significance – see Results and Fig. 2.7a), or in the HC (Fig. 2.7b). Taken together, these 

observations suggest that the higher levels of p35 in the adult female VS and HC were 

attributable to reduced cleavage of p35. 

Finally, we note that p25 protein was present at higher levels in adolescent mice 

than in adults (Fig. 2.1b). As noted above, this was attributable to higher rates of p35 

cleavage in adolescents (Fig. 2.6), together with higher levels of Cdk5r1 mRNA (Fig. 

2.3). 

 

2.4.6 Effects of nicotine on Cdk5 signaling  

Nicotine injections had the strongest effect on adolescents, resulting in a 

significant interaction of Age*Drug for each of the three genes tested. Additionally, a 

significant interaction of Sex*Drug was found for p35 and p25 protein, as well as a 

significant three-way interaction of Age*Sex*Drug for p35 and Cdk5. One of the most 

striking results was the significant upregulation of p35 protein by nicotine in adolescent 

males. Following this, there was a significant down-regulation of p25 protein in response 

to nicotine in adolescent males. Conversely, in adult females, nicotine increased p25 

generation. Interestingly, we found the opposite effect in Cdk5r1 (p35) mRNA, with 

nicotine injections causing a ~2-fold reduction in mRNA levels. Similarly, nicotine 

exerted opposite effects on Cdk5 protein and mRNA, with Cdk5 protein being generally 

down-regulated by nicotine in adolescents (Fig. 2.2) while Cdk5 mRNA was upregulated 

by nicotine (Hallenberg, Hudson et al., submitted). 
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Regulation of Cdk5 and Cdk5r1 mRNA expression is controlled by partially 

overlapping signaling pathways, but separate transcription factors. Cdk5 expression is 

induced either through the Erk1/2 pathway through the transcription factors Fos and Jun 

(Lee & Kim 2004), by phosphorylated cAMP-responsive element binding protein 

(CREB), or by ΔFosB (Bibb et al. 2001). Whereas Cdk5r1 expression is induced by the 

Egr1 transcription factor, as the end result of Erk1/2 activation by multiple signaling 

pathways such as BDNF, NGF, and interferon-γ (Harada et al. 2001; Lim et al. 2008; 

Song et al. 2005). Cdk5-p35 can itself inhibit Cdk5r1 transcription by phosphorylating 

MEK1, which inhibits its activation of Erk1 thereby reducing Cdk5r1 transcription 

(Sharma et al. 2002). Since Cdk5 enzyme activity is regulated primarily by the 

availability of p35, and Cdk5 protein is expressed at higher levels than p35 in the 

striatum, it is possible that down-regulation of Cdk5r1 mRNA by nicotine seen here is 

attributable to increased Cdk5-p35 enzyme activity resulting from higher p35 protein 

levels and subsequent inhibition of MEK1/Erk1/2 (Takahashi et al. 2005; Tsai et al. 

1994). Although Cdk5 expression could be affected by MEK1/Erk1/2 inhibition, repeated 

nicotine injections results in dopamine release in the ventral striatum, phosphorylation of 

CREB, and the accumulation of ΔFosB all of which drive Cdk5 transcription (Lee & Kim 

2004; Nestler 2008). 

In addition to regulation at the transcriptional level, Cdk5 and p35 activity is 

regulated by phosphorylation and degradation. p35 exhibits rapid turnover, with a half-

life of 20-30 min. Degradation of p35 is conducted primarily by the ubiquitin-proteasome 

pathway, which is promoted by phosphorylation of p35 at Thr138 by the activated Cdk5-
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p35 kinase (Kamei et al. 2007; Saito et al. 2003; Patrick et al. 1998). Cdk5 enzyme 

activity, and consequently p35 phosphorylation and degradation, is enhanced by 

glutamatergic signaling through a Ca2+
/calmodulin-dependent mechanism (Wei et al. 

2005). Nicotine exposure causes glutamate release in the ventral striatum (Reid et al. 

2000), however the relationship between glutamate-stimulated calcium influx and Cdk5 

activity is complex. For example, as discussed above, Cdk5 promotes the degradation of 

and inhibits phosphorylation of the NR2B subunit of N-methyl-D-aspartate receptors 

(NMDARs), leading to increased receptor endocytosis and reduced calcium influx(Zhang 

et al. 2008; Hawasli et al. 2007). This sets up an opponent process, whereby NMDAR 

calcium currents cause p35 degradation and Cdk5-p35 reduces NMDAR calcium currents 

through the above mechanisms. The balance of these two mechanisms is likely to change 

during the course of repeated drug exposure, as some studies have found that repeated 

cocaine and nicotine dosing reduces expression of the NR2B subunit in the striatum 

(Loftis & Janowsky 2000; Yamaguchi et al. 2002; Pistillo et al. 2016; Salamone et al. 

2014). Cdk5 is also degraded through the ubiquitin-proteasome pathway, however 

regulation of this process not as well characterized. In the embryonic mouse brain, Cdk5 

levels are reduced during the S-phase of dividing cortical neurons. Cdk5 is ubiquitinated 

by the E3 ligase APC/Cdh1 (Cdh1) leading to its degradation (Zhang et al. 2012). 

Interestingly, in post-mitotic neurons, glutamatergic signaling through NMDARs 

promotes phosphorylation of Cdh1 by Cdk5, inactivating its ubiquitin ligase activity 

(Maestre et al. 2008; Veas-Pérez de Tudela et al. 2015).  
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2.4.7 Sex differences in learning and memory 

Although overexpression of p25 can be deleterious, some studies have found that 

low (i.e. physiological) levels of p25 expression are beneficial for learning and memory, 

suggesting that p25 generation may play a role in these processes. If so, then sex 

differences in p25 generation could play a role sex differences in learning and memory. 

p25 is generated following induction of both long-term depression (LTD) with NMDA 

treatment or long-term potentiation (LTP) with glycine treatment in acute hippocampal 

slices and cultured primary neurons (Shipton & Paulsen 2014). Engmann and colleagues 

observed an increase in p25 formation in the HC after training in the Morris water maze, 

indicating that p25 is generated during spatial memory formation (Engmann et al. 

2011b). Transgenic mice who constitutively express low levels of additional p25 display 

improved reversal learning and cued fear conditioning as well as enhanced LTP in 

hippocampal CA1 synapses (Angelo et al. 2003; Fischer et al. 2005). Moreover, 

transgenic mice who do not produce p25 show deficits in LTD in the HC (Seo et al. 

2014). It is possible that this effect is due to the activation of glycogen synthase kinase 3β 

(GSK3β) by p25 (Chow et al. 2014). In fact, p25 is also a potent activator of GSK3β, 

which is also (like CDK5) involved in dendritic spine remodeling related to LTD 

(Cymerman et al. 2015). Interestingly, these effects also appear to be sex-dependent. In a 

study by Ris and colleagues, constitutive low levels of p25 expression greatly impaired 

LTP in male mice, but either enhanced, or did not affect, LTP in CA1 synapses of female 

mice. Further, these same mice also displayed improvements in spatial memory in 

females but not males (Ris et al. 2005).  
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2.4.8 Clinical implications of reduced p25 production in adult females 

Sex differences in p25 expression have many implications for physiological 

processes and for disease. Cleavage of p35 to p25 is stimulated by neurotoxic events, 

including during hypoxic stress and glutamate neurotoxicity (Lee et al. 2000; Patrick et 

al. 1999; Miao et al. 2012). Transgenic overexpression of p25 is also itself neurotoxic, 

due to its ability to hyperactivate Cdk5 (Cruz et al. 2003; Patrick et al. 1999). The 

neurotoxicity of high levels of Cdk5-p25 signaling has been implicated in the pathology 

of Alzheimer’s disease, with many studies reporting accumulation of p25 in the brains of 

Alzheimer’s patients (Cruz & Tsai 2004; Patrick et al. 1999; Sheng et al. 2015; Tseng et 

al. 2002; Liu et al. 2016). Increased p25 formation results in hyperphosphorylation of tau 

and amyloid precursor protein (APP) by Cdk5. Hyperphosphorylated tau is the primary 

component of neurofibrillary tangles which are characteristic of Alzheimer’s (Town et al. 

2002). APP phosphorylation promotes its processing into amyloid β and subsequent 

accumulation and neurodegeneration (Liu et al. 2003; Zheng et al. 2005). 

Neurodegeneration resulting from Alzheimer’s disease is significantly greater in 

the left than the right HC (Sarica et al. 2018). Moreover, p25 formation in the HC 

regulates normal synaptic plasticity and memory, while inhibition of p25 formation in the 

HC reduces the cognitive impairment in a mouse model of Alzheimer’s disease (Seo et 

al. 2014). We observed greater p25 levels and a greater p25 fraction in the female left HC 

than the male left HC (Fig. 2.5e, 2.7b). This is relevant to Alzheimer's disease, because 

women are more likely to develop Alzheimer’s disease than men (Alzheimer's 
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Association 2017). The increased risk for Alzheimer’s disease in women is not due to 

differences in longevity. When controlled for age, women still were roughly three times 

more likely to develop Alzheimer’s disease than men, and five times more likely among 

those 85 years or older (Fratiglioni et al. 1997). Thus, the leftward asymmetry in the 

production of p25 in the HC of females, corresponds to the sex, brain area, and left/right 

side that is most affected by Alzheimer’s neurodegeneration. 

Normal asymmetry in hippocampal activity and left-right specialization in 

hippocampal function has been observed at multiple levels. For example, the expression 

of multiple proteins involved in dopamine synthesis and release showed left-right 

asymmetries in the mouse HC (Sadeghi et al. 2017). In humans, the HC displays multiple 

functional asymmetries, with he left and right hippocampi differentially mediating spatial 

vs. procedural memory (Iglói et al. 2010) and aversive vs. non-aversive emotional 

processing (Sakaguchi & Sakurai 2017). Moreover, mice displayed deficits in long-term 

memory upon silencing of the left CA3 region of the HC, but not the right (Shipton et al. 

2014), likely due to left-right differences in the induction of long-term potentiation in 

CA3 synapses (El-Gaby et al. 2014). Synapses in the left CA3 region showed greater 

density of NR2B-containing NMDA receptors and greater capacity for LTP induction 

than in the right CA3 (El-Gaby et al. 2014). Given that activity-dependent p25 generation 

in the HC depends on the NR2B subunit (Seo et al. 2014), and that we observed greater 

p25 levels in the female left HC (see Results), it seems likely that the left-right 

differences in p25 levels in the female HC were driven by these differing patterns of 

activity and LTP induction. Taken together, the clear asymmetry in hippocampal function 
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likely explains left-right differences in p25 generation in adult females, and thus may 

contribute to the asymmetric vulnerability of women to Alzheimer’s disease. 

 

2.4.9 The evolutionary origin of hippocampal asymmetry 

The left-right asymmetry in the response to aversive stimuli is well conserved, as 

far back as bony fish (Sovrano et al. 1999; Sakaguchi & Sakurai 2017). The right HC is 

preferentially involved in the urgent avoidance of strongly aversive stimuli, while the left 

HC is involved in the response to mildly aversive stimuli (Sakaguchi & Sakurai 2017), as 

well as long-term memory formation as noted above. Sex differences in risk-taking and 

the response to aversive stimuli have also been demonstrated in humans (Byrnes et al. 

1999), rats (Jolles et al. 2015), and other vertebrates as far back as fish (King et al. 2013). 

In this regard, males typically exhibit lower avoidance of aversive stimuli and greater 

risk-taking than females, while females exhibit higher levels of anxiety (Jolles et al. 

2015). Thus, one possibility is that females tend to avoid situations with the potential for 

urgent threats, rather than practicing or directly coping with urgent threats per se, thus 

reducing their relative neuronal activity in the right HC, and indirectly causing greater 

relative formation of p25 in the left HC. If so, then the vulnerability of aging females to 

Alzheimer's disease may simply be an accidental side effect of the modulation of 

metabotropic glutamate receptors by estrogen. 
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CHAPTER 3  

Nicotine-induced dopaminergic, glutamatergic, and neurotrophic signaling in the 

ventral striatum may all contribute to adolescent and female vulnerability to 

nicotine dependence 

 

 

3.1 Abstract 

The majority of adult regular smokers began smoking during adolescence. 

Surveys of adolescent smokers indicate the subjective response to the first cigarette is the 

best predictor of future nicotine dependence. Further, sex differences in addiction, which 

become evident during adolescence, are a significant factor in smoking. To analyze these 

issues in an animal model, we measured proteins and phosphorylation events from 

multiple pathways involved in addiction in the ventral striatum (VS) of adolescent and 

adult, male and female mice. Mice received either a single nicotine dose (as a model of 

the first nicotine exposure) or repeated nicotine doses (as a model of nicotine 

dependence). We observed an adolescent-specific increase in DARPP-32 Thr34 

phosphorylation in the VS after a single nicotine dose; this continued but became limited 

to the left VS after repeated nicotine doses. In adults, DARPP-32 Thr34 was decreased by 

repeated nicotine doses. Thus the protein kinase A activity stimulated by nicotine (which 

is closely related to reward) is greater in adolescents than adults. GLUR1 Ser845 

phosphorylation was decreased by repeated nicotine doses (except in adult males), 

indicating a reduction in the surface expression of AMPA receptors. BDNF protein levels 

were increased by a single nicotine dose to a greater extent in adolescents than adults, but 

were not increased in either age group by repeated nicotine doses. Since BDNF signaling 
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in the VS increases cocaine self-administration, this may increase the rewarding 

properties of nicotine in adolescents. Taken together, these and other results show a 

greater cellular signaling response to nicotine in the adolescent VS than the adult VS, and 

emphasize the importance of sex differences. These nicotine-induced changes in cellular 

signaling may contribute to an enhanced vulnerability to nicotine in adolescents (and to 

some extent in females). 

 

3.2 Introduction 

Many drugs of abuse increase dopamine levels in the ventral striatum (VS) and/or 

cause circuit-level effects that increase the effects of dopamine (Nestler 2005). Nicotine 

can directly activate ventral tegmental area (VTA) dopamine neurons that project to the 

VS by binding to α4β2 nicotinic acetylcholine receptors (NAchRs). VTA neurons can also 

be activated indirectly through α7 NAchRs on glutamatergic afferents to the VTA (Maex 

et al. 2014; Balfour 2015). Although the pharmacological and physiological effects of 

nicotine are complex, there is clear evidence that dopamine signaling in the VS plays a 

central role in the rewarding effects of nicotine. For example, nicotine conditioned place 

preference and intravenous self-administration are disrupted following disruption of 

dopaminergic transmission in the VS (Corrigall et al. 1992; Spina et al. 2006). 

Glutamatergic signaling in the VS by afferents from multiple brain areas, 

including the mPFC, is altered during nicotine and cocaine exposure (Kalivas 2009). 

Repeated nicotine exposure causes increases in dendritic length and spine density in the 

VS (Brown & Kolb 2001; McDonald et al. 2005), and produces changes in α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)- and N-methyl-D-aspartate 
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(NMDA)-type glutamate receptors (Anderson et al. 2008; Avila-Ruiz et al. 2014; 

Salamone et al. 2014). Moreover, inhibition of AMPA receptors in the VS also reduces 

heroin and cocaine seeking (LaLumiere & Kalivas 2008; Di Ciano & Everitt 2001). 

Multiple other roles of glutamate signaling in the VS have been observed in drug abuse. 

For example, glutamate signaling through mGluR3 receptors can enhance nicotine 

withdrawal (reviewed in (Markou 2008)). Further, sex differences in the levels of 

glutamate in the NAc after chronic nicotine exposure regulate sex differences in 

withdrawal (Carcoba et al. 2018). 

In this report we investigated the effects of nicotine on cellular signaling in the 

ventral striatum of adolescent and adult males and females after either a single nicotine 

dose (as a model of the first nicotine exposure), or repeated nicotine doses (as a model of 

dependence). We measured protein levels and specific phosphorylation events known to 

be involved in the process of drug addiction in the ventral striatum. These included the 

phosphorylation levels of Dopamine- and cAMP-regulated phosphoprotein 32 kDa 

(DARPP-32) at Thr34 [the protein kinase A (PKA) site] and Thr75 [the cyclin-dependent 

kinase 5 (CDK5) site]. Both of these DARPP-32 phosphorylation sites have important 

roles in the post-synaptic regulation of dopamine signaling [reviewed in (Svenningsson et 

al. 2004)]. We also measured the levels of BDNF, TRKB, and pro-BDNF proteins 

because of the role of neurotrophic signaling in synaptic plasticity and drug addiction 

(Graham et al. 2007; Hall et al. 2003; Horger et al. 1999; Lu et al. 2004). Our lab 

previously found age and sex-dependent expression of BDNF and Ntrk2 (the gene 

encoding the TRKB protein) (Hallenberg, Hudson, et al, submitted). Finally, we 
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measured AMPA glutamate receptor subunit GLUR1 phosphorylation at Ser845, NMDA 

glutamate receptor subunit NR2B phosphorylation at Tyr1472, and total NR2B levels. 

All of these play critical roles in glutamate signaling, synaptic plasticity, and drug 

addiction (Kalivas 2009; Scofield et al. 2016). 

We observed multiple age and sex differences in nicotine-stimulated 

dopaminergic, glutamatergic, and neurotrophic signaling, indicating a greater cellular 

signaling response to nicotine in adolescents than adults and in females than males. 

Taken together, these nicotine-induced changes in cellular signaling would contribute to 

an increased vulnerability of adolescents to nicotine addiction because many of these 

changes have previously been associated with behavioral sensitization to drugs of abuse. 

3.3 Materials and Methods 

3.3.1 Mice 

C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME) 

and bred in our animal facility. Mice were housed in clear plastic cages with cellulose 

fiber bedding on a 12:12 light/dark cycle, with food and water provided ad lib. All mice 

were weaned on postnatal day 21 (Pnd21). Animals included in the “adult” group were 

allowed to mature to at least Pnd90 before their first injection, while mice in the 

“adolescent” group received their first injection on Pnd32. Mice received either repeated 

or a single injections of nicotine bitartrate (0.5 mg/kg free-base equivalent) dissolved in 

saline or an equivalent volume of 0.9% saline. Mice on the repeated injections schedule 

received four injections spaced 48 h apart. All animal procedures were approved by the 

George Mason University Institutional Animal Care and Use Committee and were in 
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accordance with the guidelines published in the Guide for the Care and Use of Laboratory 

Animals” that was adopted by the NIH. 

 

3.3.2 Tissue Collection 

Mice of each sex (male or female) and age (adolescent or adult) were sacrificed 

by decapitation 24 h after their last injection (if they received repeated injections) or 30 

min after their last injection (if they received a single injection). Next, the brain was 

removed from the skull with a small spatula and placed into a pre-cooled metal brain 

matrix (ASI Instruments, Warren, MI) with 1 mm coronal divisions. Single edge razor 

blades were place into slots of the brain matrix corresponding to Bregma +1 and +2 

(containing the VS) creating a 1 mm slice (Franklin & Paxinos 2008). The VS was 

removed from the slice by cutting an inverted “V”, centered on the midline (at a 90° 

angle) that passed just dorsal to both anterior commissures. The left and right halves of 

the VS were placed into separate, labeled 1.5 mL microcentrifuge tubes, and rapidly 

frozen in precooled aluminum blocks to be stored at -80°C. 

 

3.3.3 Protein Extraction and Sample Preparation 

Frozen tissue samples were ground to a fine powder using a mortar and pestle on 

dry ice. The powder was transferred to a labeled 1.5 mL microcentrifuge tube containing 

200 µL of tissue lysis buffer (T-PER lysis buffer; Pierce Biotechnology, Rockford, IL) 

containing the HALT protease and phosphatase inhibitor cocktail (Pierce Biotechnology, 

Rockford, IL). This solution was sonicated for 12 x 10 sec bursts, with each burst 
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followed by 50 sec on ice. The sonicated solution was then centrifuged at 13,000 rpm for 

15 min at 4°C, the supernatant was transferred to a fresh, labeled microcentrifuge tube, 

and stored frozen at -80°C. The protein concentration of each sample was measured with 

the Pierce BCA protein assay (Fisher Scientific, Waltham, MA). 

 

3.3.4 Western Blots 

Ten µg of protein was mixed with an equal volume of 2x Laemmli buffer (Cold 

Spring Harbor 2006), heated to 95°C for 5 minutes, and cooled at room temperature for 

15 min. Each of these samples were loaded on a 5% acrylamide stacking gel (pH 6.8), 

over a 15% acrylamide separating gel (pH 8.8). Additionally, every gel included lanes 

loaded with: (i) a molecular weight standard ranging from 250 to 10 kiloDaltons (kD) 

(Page-ruler plus protein ladder, Fisher Scientific, Walham, MA) and, as a positive 

control, triplicate lanes of a pooled whole striatum (for DARPP-32 T34, and DARPP-32 

T75) or pooled hippocampus samples (for NR2B, NR2B Y1472, GLUR1 S845, BDNF, 

and TRKB) samples prepared from the striatums or hippocampuses of two male and two 

female mice. 

Electrophoresis was performed at 40 mA (constant current) for 100 min, 

following which the gel was transferred to a polyvinylidene fluoride (PVDF) membrane 

for 2 h at 250 mA (Towbin et al. 1979). At this time, the membrane was cut into two 

portions, one for antibody staining and one for total protein staining. For NR2B, NR2B 

Y1472, GLUR1 S845, and TRKB, the membrane was cut at a point corresponding to 45 

kD and the top portion (containing proteins >45 kD) retained for antibody staining. For 
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DARPP-32 T34, DARPP-32 T75, and BDNF the membrane was cut at a point 

corresponding to 40 kD and the lower portion (containing proteins <40 kD) was retained 

for antibody staining. In either case, the portion not used for antibody staining was 

reserved for later total protein staining. 

The portion of the membrane retained for antibody staining was blocked by 

preincubation in 5% nonfat dry milk (Nestle, Soloh, OH) in Tris-buffered saline plus 

Tween 20 (TTBS) for 1 h at room temperature. Primary antibodies were diluted in 5% 

nonfat dry milk in TTBS. Antibodies used for immunoblotting were NR2B (Cell 

Signaling Technology #4207, 1:1000); p-NR2B Y1472 (Phospho Solutions #p1516-1472, 

1:1000); p-GLUR1 S845 (Phospho Solutions #p1160-845, 1:1000); p-DARPP-32 T34 

(Cell Signaling Technology #12438, 1:1000); p-DARPP-32 T75 (Cell Signaling 

Technology #2301S, 1:1000); BDNF and pro-BDNF (Novus Biologicals #NB100-98682; 

1:1000); TRKB (Cell Signaling Technology #4603; 1:1000). p35 and p25 were 

distinguished from each other by their molecular weights on western blots (Patrick et al. 

1999). Additionally, BDNF and pro-BDNF were distinguished from each other by their 

molecular weights on western blots (Leßmann & Brigadski 2009). PVDF membranes 

were incubated in the diluted primary antibody solution overnight at 4°C. 

The next day, after 5 x 5 min washes in TTBS, PVDF membranes were incubated 

in secondary antibody conjugated to alkaline phosphatase (Novus Biologicals Goat anti-

rabbit IgG-AP #NBP1-72594, 1:2500) for 1 hour at room temperature. Membranes were 

then washed 5 x 5 min in TTBS, 2 x 5 min in distilled water, and finally 3 x 10 min in 0.1 

M carbonate buffer pH 9.8. Antibody-stained bands were visualized by alkaline 
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phosphatase chemiluminescence, using the CDP-Star chemiluminescent substrate 

(Sigma-Aldrich, Milwaukee, WI). After a 5 min incubation at room temperature in CDP-

Star, PVDF membranes were photographed in complete darkness using a cooled CCD 

camera (Tucsen Photonics, Fuzhou, China) set to 25 dB gain and a 21 min exposure time. 

Images were smoothed ("despeckled" to reduce noise) and background-subtracted (with 

the rolling ball method, 50 pixel radius) using ImageJ software (National Center for 

Biotechnology Information, Bethesda, MD). Individual protein bands were quantified 

using Gel Analyzer (Lazar Software, http://www.gelanalyzer.com). 

 

3.3.5 Total Protein Staining 

Total protein staining of the portion of the membrane that was not used for 

antibody staining was performed with 0.1% India ink in phosphate-buffered saline (pH 

7.4) with 0.3% Tween 20 (PBST). The membrane was first treated with 180 mM KOH 

for 5 min, then washed 2 x 5 min with ddH2O, and 4 x 10 min washes in PBST. The 

membrane was stained by shaking overnight at room temperature in 0.1% India ink in 

PBST, then washed in ddH2O 3 x 5 min, and allowed to air-dry at room temperature for 1 

h. Stained membranes were photographed with a cooled CCD camera set to 6 dB gain 

and a 10 sec exposure time, with illumination by diffuse visible light (Panelescent night 

lights, Sylvania, Wilmington, MA). Densitometry was performed on the resulting images 

with Gel Analyzer (Lazar Software, http://www.gelanalyzer.com), by integrating the 

optical density (Kruiswijk et al. 1978) of the entire protein lane, staring from the -actin 

band at 42 kD. 

http://www.gelanalyzer.com/
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3.3.6 Data Normalization and Analysis 

The chemiluminescence of each antibody-stained band was normalized with the 

following formula: (chemiluminescence) / (integrated optical density of total proteins ≥ 

42 kD in the same gel lane). Normalizing in this way controlled for variation (between 

lanes) in the amount of protein samples that were loaded. Comparison between samples 

from different gels was facilitated by an additional round of normalization, in which each 

of the above normalized chemiluminescence values were expressed as a ratio to the 

similarly normalized signal obtained from a pooled whole striatum control, loaded on 

each gel in triplicate (see previous section entitled “Western blots”). 

Data analysis was performed primarily by univariate ANOVAs, which were 

calculated for each antigen with the Statistical Package for the Social Sciences (SPSS 

Inc., Chicago, IL). The between-subjects factors were Antigen (each individual protein or 

phosphorylation site measured), Age (adolescent, adult), Sex (male, female), Side (left, 

right), and Drug (nicotine, saline). We also performed separate repeated measures 

ANOVAs for the single nicotine injection and repeated nicotine injections data sets. We 

applied the Greenhouse-Geisser correction to control for violations of sphericity. 

Student's t-tests, and standard error bars were calculated with GraphPad PRISM 

software (Graphpad Software Inc., San Diego, CA). All t-tests were two-tailed. Welch's 

correction was applied to t-tests in which the variances were significantly different, as 

shown by the F-test. An  value of 0.05 was used to determine statistical significance. 

Within each age and sex group, a t-test was performed for each group that differed by one 

factor (left vs. right and nicotine vs. saline). 
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3.4 Results 

We administered a single nicotine or saline dose to adult and adolescent male and 

female mice, followed by dissection of the VS 30 min later. Repeated measures ANOVA 

of protein and phosphorylation levels (i.e. antigens measured by western blots) showed a 

significant main effect of Antigen [F3.3,164 = 140, p < 10-50]. We also found interactions 

of Antigen*Age [F3.3,165 = 11, p < 10-7], Antigen*Sex [F3.3,165 = 9.9, p < 10-6], 

Antigen*Drug [F3.3,165 = 4.7, p < 0.01], and Antigen*Age*Sex [F3.3,165 = 4.7, p < 0.01]. 

In a separate series of experiments, we administered four repeated nicotine (or 

saline) doses spaced 48 h apart to adult and adolescent males and females, and collected 

brain tissue samples 24 h after the last dose. Repeated-measures ANOVA of the results 

revealed an effect of Antigen [F5.6,250 = 140, p < 10-75], and so separate univariate 

ANOVAs of each Antigen were warranted. Multiple significant interactions were also 

found, which are summarized in Table 1; these included interactions of Antigen*Age 

[F5.6,250 = 16, p < 10-14], Antigen*Sex [F5.6,250 = 6.0, p < 10-4], and Antigen*Drug [F5.6,250 

= 4.1, p < 10-3]. In the following sections, further statistical analysis focused on each 

antigen separately using univariate ANOVAs. 
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Table 3.1 ANOVA interactions, Repeated dosing schedule, Ventral Striatum 

Effect  d.f.  F  p 

Antigen  5.6  140  p < 10-75 

Antigen*Age  5.6  16  p < 10-14 

Antigen*Sex  5.6  6.0  p < 10-4 

Antigen*Drug  5.6  4.1  p < 10-3 

Antigen*Age*Sex  5.6  14  p < 10-12 

Antigen*Age*Drug  5.6  6.0  p < 10-5 

Antigen*Sex*Drug  5.6  2.3  p < 0.05 

Antigen*Age*Sex*Drug  5.6  2.8  p < 0.05 

Antigen*Age*Sex*Drug*Side  5.6  2.6  p < 0.05 

       

d.f. (error)  250     

 

 

3.4.1 Darpp-32 Thr34 phosphorylation 

 

 
Figure 3.1 Darpp-32 Thr34 phosphorylation in the VS after either a single (A) or repeated (B) nicotine/saline 

doses.  

Chemiluminescent signals from phospho-specific antibodies were normalized to total protein levels in the same lane as 

described in Materials and Methods. Whiskers represent minimum and maximum value with a line at the median. 

Pairwise statistical comparisons between nicotine and saline treated samples were performed by t-test: *, p < 0.05; **, 

p < 0.01. 
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First, we analyzed DARPP-32 Thr34 phosphorylation in mice who received a 

single nicotine/saline dose. Overall, adolescents displayed higher levels of levels of 

DARPP-32 Thr34 phosphorylation than adults, producing an effect of Age [F1,54 = 65, p 

< 10-10]. A single nicotine dose produced an adolescent-specific increase in DARPP-32 

Thr34 phosphorylation, resulting in an interaction of Age*Drug [F1,54 = 6.3, p < 0.05] 

(Fig. 3.1A). Females of both age groups had higher Thr34 phosphorylation than males, 

however this effect was much more prominent in adolescents. Adolescent females had 

50% more Thr34 phosphorylation than adolescent males averaged across nicotine and 

saline dosed animals, as opposed to 21% more in adult females than adult males, 

producing an effect of Sex [F1,54 = 15, p < 10-3] and an interaction of Age*Sex [F1,54 = 

5.9, p < 0.05] for DARPP-32 Thr34 phosphorylation. Because Darpp-2 is phosphorylated 

at Thr34 by PKA (Greengard 2001), these results indicate that VS PKA activity was 

higher in adolescent than adults. Moreover, PKA activity was further increased by the 

acute effects of nicotine in an adolescent-specific manner. 

Repeated nicotine doses produced an adolescent-specific increase in DARPP-32 

Thr34 phosphorylation in the left VS, but not the right VS (Fig. 3.1B). The asymmetry of 

the nicotine response in adolescents produced an interaction of Drug*Side [F1,58 = 4.6, p 

< 0.05]. Analyzing the age groups separately confirmed that the interaction of Drug*Side 

was significant in adolescents [F1,27 = 6.1, p < 0.05] but not in adults. 

In adults, nicotine caused a decrease in Thr34 phosphorylation, which was more 

prominent in adult females. The fact that repeated nicotine doses had opposite effects on 

Thr34 phosphorylation in adolescents vs. adults resulted in a significant effect of Age 
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[F1,58 = 4.4, p < 0.05] and a significant interaction of Age*Drug [F1,58 = 11, p < 0.01]. 

These results show greater nicotine-stimulated PKA signaling in the left VS of 

adolescents (compared to the adolescent right VS and compared to adults) after repeated 

nicotine doses. This contrast between the effects of nicotine in adolescents compared to 

adults was especially evident in adult females, who displayed significantly reduced Thr34 

phosphorylation after repeated nicotine doses. These results suggest that a homoeostatic 

mechanism was limiting the PKA response in adults but had not yet developed in 

adolescents. 

 

3.4.2 Darpp-32 Thr75 phosphorylation 

 

 
Figure 3.2 Darpp-32 Thr75 phosphorylation in the VS after either a single (A) or repeated (B) nicotine/saline 

doses.  

Chemiluminescent signals from phospho-specific antibodies were normalized to total protein levels in the same lane as 

described in Materials and Methods. Whiskers represent minimum and maximum value with a line at the median. 

Pairwise statistical comparisons between nicotine and saline treated samples were performed by t-test: *, p < 0.05; **, 

p < 0.01; ***, p < 10-3. 
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In mice who received a single dose of nicotine/saline, DARPP-32 Thr75 

phosphorylation was higher in adolescents than adults, resulting in an effect of Age [F1,56 

= 36, p < 10-7]. (Fig. 3.1, B). A single nicotine dose tended to increase the Thr75 

phosphorylation levels, producing an effect of Drug [F1,56 = 5.9, p < 0.05]. Adolescents 

displayed a greater increase in DARPP-32 Thr75 levels in response to nicotine than 

adults, producing an interaction of Age*Drug [F1,56 = 4.1, p < 0.05] for DARPP-32 

Thr75 (Fig. 3.2A). The greater levels of DARPP-32 Thr75 phosphorylation in 

adolescents may reflect greater CDK5 activity in adolescents (see also chapter 2). 

After repeated nicotine doses, phosphorylation of DARPP-32 at Thr75 displayed 

a more complex age- and sex-dependent pattern of responses than Thr34 (Fig. 3.2B). 

Adolescents had higher levels of DARPP-32 Thr75 phosphorylation than adults, 

producing an effect of Age [F1,70 = 33, p < 10-6]. In addition, female saline control mice 

showed greater Thr75 phosphorylation levels than males of the same age, resulting in an 

effect of Sex [F1,70 = 8.7, p < 0.01] and an interaction of Age*Sex [F1,70 = 36, p < 10-7]. 

In adult females and adolescent males, repeated nicotine doses increased DARPP-32 

Thr75 phosphorylation. Conversely, in adult males and adolescent females, Thr75 

phosphorylation was decreased by repeated nicotine doses. These effects produced an 

interaction of Age*Sex*Drug [F1,70 = 22, p < 10-4]. One implication is that chronic 

nicotine exposure increased CDK5 activity in adolescent males and adult females, while 

reducing CDK5 activity in adolescent females and adult males. In chapter 2, we showed 

that P35 levels were increased by nicotine in adolescent males, while p25 levels were 

increased by nicotine in adult females (Fig. 2.1B). Since CDK5 activity is primarily 
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determined by binding to its protein partners (including P35 and p25) (Takahashi et al. 

2005) we conclude that the increase in DARPP-32 Thr75 phosphorylation in adolescent 

males and adult females is due to increased levels of P35 and p25 respectively. 

 

3.4.3 GluR1 Ser845 phosphorylation 

 

 
Figure 3.3 Phosphorylation levels of GluR1 at Ser845 in the VS after either a single (A) or repeated (B) 

nicotine/saline doses.  

Chemiluminescent signals from phospho-specific antibodies were normalized to total protein levels in the same lane as 

described in Materials and Methods. Whiskers represent minimum and maximum value with a line at the median. 

Pairwise statistical comparisons between nicotine and saline treated samples were performed by t-test: **, p < 0.01. 

 

In mice given a single dose of nicotine/saline, adult females showed higher 

Ser845 phosphorylation than adult males in saline controls, but lower Ser845 

phosphorylation than adult males after a single nicotine dose. This produced a significant 

interaction of Sex*Drug [F1,32 = 11.9, p < 0.01] in adults (Fig. 3.3A). However, 

adolescent males showed higher GLUR1 Ser845 phosphorylation than adolescent 
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females after either a nicotine or saline dose. These adolescent and adult results together 

produced an interaction of Age*Sex [F1,57 = 8.8, p < 0.01]. A single nicotine dose 

induced a male-specific increase in GLUR1 Ser845 phosphorylation. In both adolescent 

and adult males, nicotine increased GLUR1 Ser845 phosphorylation, but adolescent and 

adult females had little to no response to nicotine. This resulted in an interaction of 

Sex*Drug [F1,57 = 8.6, p < 0.01]. Since GLUR1 Ser845 phosphorylation causes retention 

of AMPA receptors in the synaptic membrane (Swayze et al. 2004), these results indicate 

an increase in the surface expression of AMPA receptors in males after a single nicotine 

dose. 

For mice who received repeated doses of nicotine/saline, females showed higher 

GLUR1 Ser845 phosphorylation than males, particularly in adults, resulting in an effect 

of Sex [F1,70 = 53, p < 10-9] (Fig. 3.3B). In every sex and age group but adult males, 

repeated nicotine doses reduced GLUR1 Ser845 phosphorylation, producing an effect of 

Drug [F1,70 = 19, p < 10-4] (Fig. 3.4, A). GLUR1 Ser845 was reduced by nicotine to the 

greatest extent in females, producing an interaction of Sex*Drug [F1,70 = 5.6, p < 05], and 

an effect of Drug that was significant in females [F1,35 = 19, p < 10-3] but not males. 

Adolescent and adult females showed similar levels of GLUR1 Ser845 phosphorylation, 

but Ser845 phosphorylation was higher in adolescent males than adult males. The age 

difference in males produced an effect of Age [F1,70 = 13, p < 10-3] and a significant 

interaction of Age*Sex [F1,70 = 17, p < 10-3]. Moreover, the effect of Age was significant 

in males [F1,35 = 37, p < 10-6] but not in females. Our observation of a reduction in 

GLUR1 Ser845 phosphorylation after multiple nicotine exposures indicates that repeated 
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nicotine doses produced a reduction in the strength of glutamatergic synapses that was 

most pronounced in females. 

 

3.4.4 NR2B Tyr1472 phosphorylation 

 

 
Figure 3.4 Phosphorylation levels of NR2B at Tyr1472 in the VS after either a single (A) or repeated (B) 

nicotine/saline doses.  

Chemiluminescent signals from phospho-specific antibodies were normalized to total protein levels in the same lane as 

described in Materials and Methods. Whiskers represent minimum and maximum value with a line at the median. 

Pairwise statistical comparisons between nicotine and saline treated samples were performed by t-test: *, p < 0.05; **, 

p < 0.01. 

 

In mice who received a single dose of nicotine/saline, NR2B Tyr1472 levels were 

greater in adolescents than in adults, resulting in an effect of Age [F1,57 = 8.4, p < 0.01]. 

A single nicotine dose increased NR2B phosphorylation at Tyr1472 in every sex and age 

group (except in the adolescent female left VS) (Fig. 3.4A), producing an effect of Drug 

[F1,57 = 6.9, p < 0.05]. This effect was observed predominantly in the right hemisphere in 

adolescents, resulting in an interaction of Drug*Side [F1,57 = 3.9, p < 0.06] that was 
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trending towards significance. Conversely, in adults a single nicotine dose increased 

Tyr1472 phosphorylation on both sides, which together with the previous observation 

produced an interaction of Age*Sex*Side [F1,57 = 6.1, p < 0.05]. When the age groups 

were tested separately, adolescents displayed a significant interaction of Drug*Side [F1,26 

= 4.6, p < 0.05] and adults did not. 

Phosphorylation of the NR2B at Tyr1472 by Src kinase inhibits receptor 

endocytosis, thereby promoting retention of the NMDA receptor in the synapse (Sinai et 

al. 2010; Zhang et al. 2008). Therefore, our results suggest that a single nicotine dose 

may enhance the surface level of NR2B-containing NMDA receptors in glutamatergic 

synapses in the VS. 

In mice who received repeated doses of nicotine/saline, we found higher levels of 

NR2B Tyr1472 phosphorylation in the VS of adolescents than adults, resulting in an 

effect of Age [F1,64 = 39, p < 10-7]. We also observed higher Tyr1472 phosphorylation in 

females than males, producing an effect of Sex [F1,64 = 8.8, p < 0.01] that was greater in 

adults than adolescents, producing an interaction of Age*Sex [F1,64 = 13, p < 10-3]. 

Analyzing the age groups separately showed that the effect of Sex that was significant in 

adults [F1,37 = 38, p < 10-6] but not in adolescents (Fig. 3.4B). 

Repeated nicotine doses resulted in sex-dependent effects of Tyr1472 

phosphorylation, which were more apparent in adolescents than adults. Nicotine 

decreased Tyr1472 in females but increased (in the case of adolescent males) or had no 

effect on (in adult males) Tyr1472 phosphorylation in males. The result was an 

interaction of Sex*Drug [F1,64 = 19, p < 10-4] and Age*Sex*Drug [F1,64 = 7.1, p < 0.01]. 
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Moreover, the greater effect of repeated nicotine doses on NR2B phosphorylation in 

adolescents produced an interaction of Sex*Drug that was significant in adolescents [F1,27 

= 15, p < 10-3] but not I adults. Similarly to the effect of repeated nicotine doses on 

GLUR1 Ser845 phosphorylation (Fig. 3.3B), nicotine-induced reductions in the level of 

NR2B Tyr1472 phosphorylation could contribute to decreased surface expression of 

NR2B-containing NMDA receptors on the synaptic membrane of glutamatergic synapses 

in the female VS. The opposite holds for adolescent males. 

 

3.4.5 NR2B protein levels 

 

 
Figure 3.5 Protein levels of NR2B after either a single (A) or repeated (B) nicotine/saline doses.  

Chemiluminescent signals were normalized to total protein levels in the same lane as described in Materials and 

Methods. Whiskers represent minimum and maximum value with a line at the median. Pairwise statistical comparisons 

between nicotine and saline treated samples were performed by t-test: *, p < 0.05. 

 

In mice who received a single dose of nicotine/saline, levels of the NR2B subunit 

of the NMDA receptor were lower in adolescent females than adolescent males, but 
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higher in adult females than adult males, producing an interaction of Age*Sex [F1,56 = 

6.2, p < 0.05]. This sex difference was more pronounced in adults, producing a main 

effect of Sex that was significant in adults [F1,31 = 13, p < 0.01] but not in adolescents. 

NR2B displayed age and sex-dependent responses to a single nicotine dose (Fig. 3.5A). 

In adolescents, nicotine produced modest increases in NR2B protein levels in females but 

decreased NR2B on the left side of males. In contrast, nicotine reduced NR2B levels on 

the left side of adult females but increased NR2B on the left side of adult males. These 

contrasting effects of a single nicotine dose on NR2B levels resulted in an interaction of 

Age*Sex*Drug [F1,56 = 6.9, p < 0.05]. Moreover, the opposite direction of the nicotine 

response in adolescent vs. adult males produced an interaction of Age*Drug that was 

significant in males [F1,30 = 7.8, p < 0.01] but not females. These differences may be due 

to regulated protein degradation. 

In mice who received repeated nicotine/saline doses, females displayed higher 

levels of NR2B expression than males, producing an effect of Sex [F1,69 = 12, p < 10-3] 

(Fig. 3.5B). Adolescents displayed generally higher NR2B levels than adults, resulting in 

an effect of Age [F1,69 = 6.0, p < 0.05]. NR2B was higher on the right in adolescent 

females but higher on the left in adolescent males, leading to an interaction of 

Age*Sex*Side [F1,69 = 4.6, p < 0.05]. We observed an interaction of Sex*Side that was 

significant in adolescents [F1,29 = 10, p < 0.01] but not adults. On the other hand, the 

effect of repeated nicotine doses was more asymmetric in adults than adolescents. That is, 

nicotine reduced NR2B levels on the left side only in adults, producing an interaction of 

Age*Drug*Side [F1,69 = 3.2, p < 0.08] that was trending towards significance, and an 
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effect of Drug*Side that was significant in adults [F1,40 = 4.6, p < 0.05] but not 

adolescents. 

 

3.4.6 Bdnf and pro-Bdnf protein levels 

 

 
Figure 3.6 Protein levels of Bdnf in the VS after either a single (A) or repeated (B) nicotine or saline doses.  

Chemiluminescent signals from phospho-specific antibodies were normalized to total protein levels in the same lane as 

described in Materials and Methods. Whiskers represent minimum and maximum value with a line at the median. 

Pairwise statistical comparisons between nicotine and saline treated samples were performed by t-test: *, p < 0.05. 

 

In mice who received a single dose of nicotine/saline, BDNF levels were higher in 

males than females, producing an effect of Sex [F1,56 = 25, p < 10-5]. However, this sex 

effect was stronger in adolescents than adults, producing an interaction of Age*Sex [F1,56 

= 4.3, p < 0.05]. BDNF levels were significantly lower in adolescent females than any 

other group, leading to an effect of Age [F1,56 = 9.6, p < 0.01]. When the sexes were 

analyzed separately, the effect of Age that was significant in females [F1,27 = 17, p < 10-

3] but not in males. A single nicotine dose increased BDNF levels in every group, 
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producing an effect of Drug [F1,56 = 17, p < 10-3] (Fig. 3.6A). This nicotine-induced 

increase in BDNF levels was greater in adolescents than adults, as shown by an effect of 

Drug that was significant in adolescents [F1,26 = 11, p < 0.01] but not in adults. 

Adolescent females showed the greatest fold change in BDNF, for whom mice receiving 

a dose of nicotine had significantly greater BDNF levels than those receiving a saline 

dose by t-test [t(6) = 5.8, p < 0.01]. The greater nicotine-induced increase in BDNF 

expression in adolescent females compared to adolescent males produced an interaction 

of Sex*Drug [F1,26 = 5.4, p < 0.05] that was significant in adolescents but not in adults. 

Since BDNF release has been shown to increase cocaine self-administration (Graham et 

al. 2007), the significant increase in BDNF levels produced in adolescents by a single 

nicotine dose could increase the rewarding properties of nicotine in adolescents. 

In mice who received repeated nicotine/saline doses, adults displayed 

significantly higher levels of BDNF than adolescents, producing an effect of Age [F1,68 = 

36, p < 10-7] (Fig. 3.6B). This was also the case after a single nicotine/saline dose (Fig. 

3.6A). Repeated nicotine doses did not have a significant effect on BDNF protein levels 

(Fig. 3.6B). 

Age differences in the level of BDNF expression presumably reflect 

developmental changes in the VS, as BDNF plays an important role in neuron growth and 

synaptogenesis (Baydyuk & Xu 2014; Numakawa et al. 2010) . Substantial up-regulation 

of BDNF protein only 30 min after a single nicotine dose is a relatively fast response that 

may reflect increase processing of pro-BDNF. rather than new gene transcription. In 
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contrast, the lack of a significant Drug effect 24 h after the fourth nicotine dose suggests 

that there is no enduring up-regulation of BDNF expression after nicotine doses. 

 

 
Figure 3.7 Protein levels of pro-Bdnf in the VS after either a single (A) or repeated (B) nicotine or saline doses.  

Chemiluminescent signals from phospho-specific antibodies were normalized to total protein levels in the same lane as 

described in Materials and Methods. Whiskers represent minimum and maximum value with a line at the median. 

Pairwise statistical comparisons between nicotine and saline treated samples were performed by t-test: *, p < 0.05. 

 

In mice who received a single nicotine/saline dose, pro-BDNF did not 

significantly differ by age or sex. However, there was a small increase in pro-BDNF 

levels after a single nicotine dose that produced an effect of Drug [F1,54 = 10, p < 0.01] 

(Fig. 3.7A). This is somewhat surprising, given that it occurred only 30 min after the 

nicotine injection, and perhaps reflects rapid regulation of translation rates. No significant 

differences were observed in the level of pro-BDNF in mice receiving repeated 

nicotine/saline doses (Fig. 3.7B). 
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3.4.7 TrkB protein levels 

 

 
Figure 3.8 Protein levels of TrkB in the VS after either a single (A) or repeated (B) nicotine or saline doses.  

Chemiluminescent signals from phospho-specific antibodies were normalized to total protein levels in the same lane as 

described in Materials and Methods. Whiskers represent minimum and maximum value with a line at the median. 

Pairwise statistical comparisons between nicotine and saline treated samples were performed by t-test: *, p < 0.05. 

 

In mice who received a single nicotine/saline dose, adults expressed slightly 

higher levels of TRKB than adolescents, producing an effect of Age [F1,57 = 5.7, p < 

0.05]. Adult males had more TRKB than adult females, while adolescent males and 

females displayed similar TRKB expression, producing an effect of Sex [F1,57 = 5.0, p < 

0.05] and an interaction of Age*Sex [F1,57 = 5.9, p < 0.05]. When the age groups were 

tested separately, adults showed a significant effect of Sex [F1,32 = 5.3, p < 0.05] that was 

not present in adolescents. A single nicotine dose appeared to increase TRKB levels in all 

groups, producing a main effect of Drug [F1,57 = 9.8, p < 0.01] (Fig. 3.8A). Increases in 

TRKB receptor levels by a single nicotine dose occurred only 30 mins after a single 
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nicotine dose, and may have been greater after several hours. However, there was no 

enduring up-regulation of TRKB 24 h after repeated nicotine doses (see below). 

In mice receiving repeated nicotine/saline doses, females displayed lower TRKB 

expression than males in both age groups, producing an effect of Sex [F1,64 = 7.3, p < 

0.01]. This sex effect was larger in adolescents than adults, producing an interaction of 

Age*Sex [F1,64 = 7.4, p < 0.01]. When the age groups were tested separately, we found 

an effect of Sex that was significant in adolescents [F1,29 = 14, p < 10-3] but not in adults. 

Adolescents also tended to express lower levels of TRKB than adults, producing an effect 

of Age [F1,64 = 14, p < 10-3]. Repeated nicotine doses appeared to decrease TRKB levels 

in almost every case, resulting in a significant main effect of Drug [F1,64 = 5.9, p < 0.05] 

(Fig. 3.8B). Nicotine-induced reductions in TRKB receptor levels may be due receptor 

degradation after BDNF signaling (Fig. 3.6A). 

 

3.5 Discussion 

3.5.1 Age- and sex-dependent effects of nicotine on Darpp-32 phosphorylation 

In this report, we demonstrate an adolescent-specific increase in nicotine-

stimulated DARPP-32 Thr34 phosphorylation, indicating greater nicotine-induced PKA 

signaling in the VS of adolescents compared to adults (Fig. 3.1A,B). After repeated 

nicotine doses, the increase of Thr34 phosphorylation in adolescents became limited to 

the left VS (Fig. 3.1B). These nicotine-induced changes may contribute to an enhanced 

vulnerability to nicotine dependence in adolescents, as PKA signaling through DARPP-
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32 Thr34 is an important mediator of D1 receptor dopamine signaling in the VS 

(Greengard et al. 1999).  

Activation of PKA signaling leads to phosphorylation of DARPP-32 at Thr34, 

which in turn converts DARPP-32 into an inhibitor of protein phosphatase-1 (PP-1) 

(Svenningsson et al. 2004). PP-1 is a phosphatase that opposes the phosphorylation of a 

number of PKA targets that play an important role in drug reward (Greengard et al. 

1999), including cAMP response element-binding protein (CREB)(Di Benedetto et al. 

2007), extracellular signal-regulated kinase (ERK) (Valjent et al. 2005), and NMDA 

receptors (Chen & Roche 2007). Moreover, DARPP-32 Thr34 is increased following 

acute and chronic cocaine (Bateup et al. 2008) and nicotine exposure (Zhu et al. 2005). 

The role of DARPP-32 Thr34 phosphorylation in drug reward is complex, as 

reviewed in (Yger & Girault 2011). For example, Thr-34-Ala mutant mice (which cannot 

be phosphorylated at DARPP-32 Thr34) display delayed acquisition of cocaine self-

administration, however they self-administered more cocaine than wildtype mice after 

acquisition (Zhang et al. 2006). Moreover, DARPP-32 knockout mice (which do not 

express DARPP-32 protein) showed increased locomotor sensitization to chronic cocaine 

exposure (Hiroi et al. 1999), and increased nicotine preference (Zhu et al. 2005). In 

contrast, DARPP-32 Thr-34-Ala mutants displayed reduced cocaine-conditioned place 

preference (Zachariou et al. 2002; Zachariou et al. 2005). Further, after acute cocaine 

administration DARPP-32 Thr-34-Ala mutants exhibited reduced induction of cocaine-

regulated genes (such as ΔFosB and Arc) that are involved in cocaine reward (Zachariou 

et al. 2005). Thr-34-Ala mutants also show reduced locomotor activity in response to 
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acute cocaine, due in part to reduced PKA-dependent ERK phosphorylation in these 

mutants (Valjent et al. 2005), but this is not observed in mice with point mutations for 

DARPP-32 Thr75 or DARPP-32 Ser130 (Valjent et al. 2010). This suggests that the 

function(s) of Thr-34 phosphorylation are distinct from (or are a subset of) the functions 

of the DARPP-32 protein, and that the modulation of PKA signaling by DARPP-32 is 

bidirectional in the sense that it may limit the downstream effects of PKA but in some 

contexts may increase the motivation to obtain those effects. Therefore, our observed 

adolescent-specific upregulation of DARPP-32 Thr34 phosphorylation may reflect an 

enhanced initial preference for nicotine, as shown by the delayed acquisition of cocaine 

self-administration and reduced cocaine conditioned place preference of Thr-34-Ala 

mutants. Moreover, since inhibition of PKA activity substantially reduces cocaine self-

administration (Lynch & Taylor 2005), and Thr34 phosphorylation enhances the effects 

of PKA signaling, it is likely that the continued increase in DARPP-32 Thr34 

phosphorylation we observe here contributes to the rewarding properties of chronic 

nicotine. 

The observed adolescent-specific increase in DARPP-32 Thr34 phosphorylation 

may be due in part to enhanced activation of the D1 dopamine receptor (Fig. 3.1A,B). 

The D1 dopamine receptor is the receptor that is primarily responsible for inducing 

DARPP-32 Thr34 phosphorylation in the striatum (Hamada et al. 2005; Hamada et al. 

2004). There is some evidence that adolescents have increased dopamine release 

compared to adults after exposure to drugs like cocaine or amphetamine (Catlow & 

Kirstein 2007; Walker & Kuhn 2008; Palm & Nylander 2014), and there are higher levels 
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of dopamine and (especially) serotonin release in young (p28) adolescent rats after acute 

nicotine exposure (Shearman et al. 2008). Increased activation of PKA signaling by the 

D1 receptor could explain the adolescent-specific increase in Thr34 phosphorylation after 

nicotine. However, this effect must also be balanced with the activation of D2 dopamine 

receptors, which inhibit adenylyl cyclase and therefore also reduce PKA signaling 

(Missale et al. 1998). Our lab has found lover levels of D2 receptor expression in 

adolescents compared to adults (Murphy et al, in preparation), and other studies have 

implicated lower D2 receptor expression in increase drug self-administration in adulthood 

and risk-taking in adolescence (Mitchell et al. 2014). Moreover, the effect of the D1 

receptor predominates over that of D2 at higher concentrations of nicotine (Hamada et al. 

2004). Therefore, it is possible that the relatively increased prevalence of D1 to D2 

receptor signaling contributes to increased Thr34 phosphorylation in adolescents 

compared to adults. Given the importance of D1 dopamine receptor signaling in the 

motivating properties of nicotine (Caine et al. 2007), the increase in DARPP-32 Thr34 

phosphorylation in adolescents would likely contribute to adolescent nicotine 

vulnerability. 

After repeated nicotine doses, the nicotine-induced increase in DARPP-32 Thr34 

phosphorylation in adolescents occurred exclusively on the left side (Fig. 3.1B), showing 

an adolescent-specific asymmetry may emerge during the process of addiction. 

Hemispheric asymmetry has been observed in the function of many brain areas and is 

well conserved. For example, avoidance behavior is induced more quickly when an 

aversive stimulus is presented in the left visual field (and processed by the right 
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hemisphere) in species from baboons back to fish (see the introduction of (Sakaguchi & 

Sakurai 2017)). Moreover, in the ventral hippocampus of rats, weaker anxiety induced 

activation of the left and right sides, but strong anxiety induced activation of only the 

right side (Sakaguchi & Sakurai 2017). Hemispheric asymmetries in reward-related 

signaling have also been described. For example, drug-craving results in greater 

activation of the left hemisphere than the right (Gordon 2016). More specifically, 

smokers display higher activity on the left vs. the right prefrontal cortex, anterior 

cingulate cortex, and temporal cortex (Nestor et al. 2011). Moreover, long-term nicotine 

use is associated with lower grey matter volume in the right than the left prefrontal cortex 

(Brody et al. 2004; Gallinat et al. 2006; Gazdzinski et al. 2005). The nucleus accumbens 

receives extensive excitatory input from the prefrontal cortex (Sesack & Grace 2010). 

Therefore, it is possible that the asymmetry of nicotine-induced DARPP-32 Thr34 

phosphorylation in adolescents reflects underlying asymmetry in the activity of reward-

related circuits. 

We also observed a significant decrease in DARPP-32 Thr34 phosphorylation in 

adult females after repeated nicotine doses (Fig. 3.1B) concomitant with a significant 

increase in DARPP-32 Thr75 phosphorylation (Fig. 3.2B). These two phosphorylation 

sites regulate the activity of DARPP-32 in opposite ways—DARPP-32 Thr34 inhibits 

PP-1, while DARPP-32 Thr75 inhibits PKA. Therefore, phosphorylation at one site may 

be opposing the other in adult females (Benavides & Bibb 2004; Greengard 2001). This 

is further demonstrated by the significant decrease in the ratio of DARPP-32 Thr34 to 

Thr75 phosphorylation in the VS of adult females after repeated nicotine doses (Fig. 
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3.9B). Nicotine did not significantly alter the ratio of Thr34 to Thr75 phosphorylation 

after a single nicotine dose, however there were significant effects of Age [F1,56 = 13, p < 

0.01] and Sex [F1,56 = 12, p < 0.01] due to a generally higher ratio of DARPP-32 Thr34 to 

Thr75 phosphorylation in adolescents than adults and females than males. After repeated 

nicotine doses, we observed significant interactions of Age*Drug [F1,58 = 7.0, p < 0.05] 

and Age*Sex [F1,58 = 9.3, p < 0.01], due to the significant reduction in the Thr34 to 

Thr75 ratio in adult females. 

 

 
Figure 3.9 Ratio of DARPP-32 Thr34 phosphorylation to Thr75 phosphorylation in the VS after either a single 

(A) or repeated (B) nicotine or saline doses. 

Chemiluminescent signals from phospho-specific antibodies were normalized to total protein levels in the same lane as 

described in Materials and Methods. Normalized Thr34 phosphorylation levels were divided by normalized Thr75 

levels. Whiskers represent minimum and maximum value with a line at the median. Pairwise statistical comparisons 

between nicotine and saline treated samples were performed by t-test. *, p < 0.05; ***, p < 10-3
. 

 

Since CDK5 signaling is the primary source of DARPP-32 Thr75 

phosphorylation, these results indicate enhanced CDK5 activity in the VS of adult 

females (Benavides & Bibb 2004; Bibb et al. 2001). Interestingly, adult females 

displayed the highest level of P35 protein (see Chapter 2) and P35 levels were not 



126 

 

significantly altered by nicotine in adult females (see Chapter 2). However, p25 levels 

were significantly increased by repeated nicotine doses in adult females (Fig. 2.1B). 

Since p25 is associated with greater activation of CDK5 kinase activity (Patrick et al. 

1999), the combination of high levels of P35 and nicotine-induced increases in p25 

production may increase CDK5 activity in adult females and approaching adolescent 

males. DARPP-32 Thr75 phosphorylation has previously been shown to increase after 

chronic, but not acute, cocaine exposure (Scheggi et al. 2004; Bibb et al. 2001), and is 

involved in structural plasticity associated with chronic cocaine (Engmann et al. 2015; 

Norrholm et al. 2003; Peterson et al. 2016). Inhibition of CDK5 increases cocaine self-

administration in adult rats (Taylor et al. 2007). In our hands, nicotine stimulation of 

CDK5 activity was strongly age- and sex-dependent (Fig. 3.2). 

 

3.5.2 Sex-dependent effects of nicotine on GluR1 Ser845 

Phosphorylation of the GLUR1 AMPA receptor subunit at Ser845 was 

significantly decreased in females after repeated nicotine doses (Fig. 3.3B), but not after a 

single dose (Fig. 3.3A). A major aspect of the formation of LTD at glutamatergic 

synapses is the endocytosis of AMPA receptors, and Ser845 phosphorylation prevents 

this endocytosis of AMPA receptors (Lüscher et al. 1999; Snyder et al. 2000). Therefore, 

these results suggest a reduction in the strength of glutamatergic synapses in the VS after 

repeated nicotine doses (Fig. 3.3B). Decreased synaptic strength in the VS after chronic 

nicotine exposure may be a mechanism involved in the development of drug tolerance, a 
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potential component of dose escalation that occurs during addiction (Ahmed & Koob 

2005; Grieder et al. 2014). 

Several lines of evidence suggest that chronic use of psychostimulants, such as 

cocaine and nicotine, can induce LTD in at least a subset of synapses in the NAc. For 

example, mice receiving repeated cocaine injections displayed decreased synaptic 

strength in the NAc at glutamatergic synapses with afferents from the prefrontal cortex 

(Thomas et al. 2001). These same mice exhibited reduced AMPA/NMDA receptor ratios 

and an inability to further induce LTD via electrical stimulation protocols, a saturation of 

the LTD mechanism after chronic cocaine exposure that occurred in parallel with 

behavioral sensitization to the locomotor stimulation effects of cocaine (Thomas et al. 

2001). Similar results have been observed following cocaine self-administration (Martin 

et al. 2006; Schramm-Sapyta et al. 2005) and chronic oral nicotine (Xia et al. 2017). This 

reduction in synaptic efficacy was also correlated with dose escalation during cocaine 

self-administration (Kasanetz et al. 2010). 

Taken together, these observations and our current results suggest that chronic 

nicotine exposure increases the endocytosis of GLUR1-containing AMPA receptors 

(because of declines in GLUR1 Ser845), thus reducing synaptic strength. Since 

reductions in the strength of glutamatergic synapses in the VS have been observed 

following chronic exposure to drugs of abuse, and these reductions have correlated with 

behavioral sensitization to cocaine, this mechanism may contribute to the development of 

nicotine addiction. 
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3.5.3 Age- and sex-dependent regulation of NR2B 

We also observed an adolescent-specific change in NR2B phosphorylation at 

Tyr1472 after repeated nicotine doses that reduced Tyr1472 phosphorylation in 

adolescent females but increased Tyr1472 phosphorylation in adolescent males (Fig. 

3.4B). Our results corroborate, in part, a previous study by Nakajima and colleagues, who 

found NR2B Tyr1472 phosphorylation was increased in male rats after repeated nicotine 

doses but not a single dose (Nakajima et al. 2012). The reduction of NR2B Tyr1472 

phosphorylation in adolescent females, and to some extent in adult females, may 

contribute to the reduction that we observed in GLUR1 Ser845 phosphorylation (after 

repeated nicotine doses). It may also contribute to a general reduction in synaptic 

strength. 

Phosphorylation of the NR2B subunit at Tyr1472 promotes the expression of 

NR2B-containing NMDA receptors at the synaptic surface, by inhibiting the binding of 

adaptor protein complex 2 (AP-2) and thus preventing clathrin-dependent endocytosis 

(Zhang et al. 2008; Sinai et al. 2010). Therefore reductions in Tyr1472 phosphorylation 

would tend to cause a decrease in the surface expression of NR2B-containing NMDA 

receptors, thus potentially reducing NMDA receptor currents and leading to 

internalization of AMPA receptors (Bassani et al. 2013). 

Total NR2B levels appeared to be developmentally regulated in a sex-dependent 

manner. Adolescent mice on the single dose and repeated dose schedules received their 

first dose at the same age but were sacrificed at p32 and p39 respectively. By that time, 

the adolescent males still had the same NR2B levels, but adolescent female (saline 
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control) NR2B levels had increased substantially (Fig. 3.5). We observed similar total 

NR2B levels in adult females and p39 adolescent females, both of which were higher 

than males (Fig. 3.5B). In contrast, p32 adolescent females had lower NR2B levels than 

both adult and adolescent males and adult females (Fig. 3.5A). 

In general, females display a greater number of excitatory synapses than males in 

the NAc (Forlano & Woolley 2010; Wissman et al. 2012; Wissman et al. 2011), starting 

from before puberty (Cao et al. 2016). Furthermore, estrogen signaling can increase 

NR2B tyrosine phosphorylation (Bi et al. 2000), and increase the generation of silent 

synapses, which are enriched with the NR2B subunit and do not contain AMPA receptors 

(Phan et al. 2015; Huang et al. 2015; Dong & Nestler 2014). Taken together, these 

observations suggest that NR2B levels could be developmentally regulated, in part, by 

increasing estrogen levels, which significantly rise above that of juvenile mice by p39 but 

not p32 (Parker & Mahesh 1976). 

 

3.5.4 Age-dependent expression of Bdnf and the TrkB receptor 

A single nicotine dose increased BDNF levels in every group except adult 

females, and increased BDNF to the greatest extent in adolescents (Fig. 3.6A). These 

results indicate a greater sensitivity of adolescents to nicotine induced neurotrophic 

signaling, which may prime adolescents for nicotine dependence. Increases in BDNF 

expression by nicotine are especially relevant to drug abuse, as BDNF/TRKB signaling 

plays an important role process of drug addiction. Exposure to with drugs of abuse like 

cocaine and nicotine induce BDNF expression in the VS (Fumagalli et al. 2007; Maggio 
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et al. 1997; Graham et al. 2007) (Hallenberg, Hudson, et al, submitted). Moreover, 

infusion of BDNF into the VS increases locomotor sensitization to cocaine, cocaine self-

administration, and cocaine-conditioned place preference (Bahi et al. 2008; Graham et al. 

2007). Likewise, inhibition of BDNF signaling by injection of an anti-BDNF antibody in 

the VS or siRNA-mediated knockdown of the TRKB receptor in the VS reduces 

dopamine release stimulated by methamphetamine and cocaine-conditioned place 

preference respectively (Narita et al. 2003; Bahi et al. 2008). Taken together, this 

suggests that nicotine-induced increase in BDNF would enhance the rewarding properties 

of nicotine, contributing to future nicotine use. Since the increase in BDNF levels by 

nicotine was highest in adolescent females, neurotrophic signaling by BDNF may 

contribute to the vulnerability of adolescents, and especially adolescent females, to 

nicotine dependence. 

Our observation that nicotine increased BDNF levels after a single nicotine dose 

(Fig. 3.6A) but were slightly, but not significantly, decreased after repeated doses (Fig. 

3.6B) corroborate previous results involving cocaine exposure. BDNF levels were 

increased in the VS within an hour after a single cocaine injection (Graham et al. 2007; 

Filip et al. 2006) but were either not effected or reduced after repeated cocaine injections 

in adolescents (Caffino et al. 2018; Fumagalli et al. 2007). TRKB protein levels were 

also reduced after repeated cocaine exposures during adolescence (Caffino et al. 2018), 

mirroring our results with nicotine (Fig. 3.8B). However, to our knowledge our results 

are the first to indicate that nicotine-induced neurotrophic signaling is greater in 

adolescents, particularly in adolescent females, than adults of either sex. 
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We also discovered indications of sex-dependent developmental regulation of 

BDNF signaling that could affect synapse formation during adolescence in the VS. 

Signaling by the mature BDNF protein is primarily through the TRKB receptor, a 

receptor tyrosine kinase which is preferentially activated by BDNF and neurotrophin-4 

(NT4) (Reichardt 2006). Binding of BDNF to the TRKB receptor triggers the activation 

of a complex set of signaling pathways which regulate neuronal development, synaptic 

plasticity, synaptogenesis, and neuron survival among other functions (Kowiański et al. 

2018; Numakawa et al. 2010). For example, BDNF/TRKB activation of 

phosphatidylinositol 3-kinase (PI3K)/ protein kinase A (AKT) signaling promotes 

differentiation and survival of striatal medium spiny neurons (MSNs) (Baydyuk & Xu 

2014). Activation of the mitogen-activated protein kinase (MAPK) pathway by 

BDNF/TRKB regulates neuronal differentiation during development, including protein 

synthesis and gene expression that leads the dendrite growth and axonal branching that 

occurs during differentiation (Gonzalez et al. 2016). 

We found lower BDNF protein levels in adolescents than adults in mice who 

received repeated doses of nicotine or saline (Fig. 3.6B). On the other hand, in mice who 

received a single dose, only adolescent females displayed lower BDNF levels compared 

to adults (Fig. 3.6A). This may be explained by developmental differences, as adolescent 

mice who received either repeated or a single dose differed in age; adolescent mice who 

received repeated doses were dissected on p39 while adolescent mice who received a 

single dose were dissected on p32. We previously observed that the expression of several 

BDNF mRNA isoforms was higher in adult males than p39 adolescent males in the VS, 
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while the expression of several BDNF isoforms was equal between p33 adolescent males 

and adult males (Hallenberg, Hudson, et al, submitted). Another study by Lu and 

colleagues found no difference in BDNF expression between p48 adolescent and adult 

rats in the VS (Lu et al. 2004). Few other studies have compared BDNF gene expression 

or protein levels in the VS, however a study of juvenile (p26-p28) rats found greater 

BDNF levels in juveniles than adults (Perreault et al. 2013). Interestingly, BDNF levels 

as measured in human blood sera follows a similar pattern. BDNF levels were highest 

among pre-pubescent children, fell to a low during adolescence, and then gradually 

increased during adulthood to a level higher than adolescents but less than children 

(Katoh-Semba et al. 2007). More research is required to determine the developmental 

time course of BDNF expression in the VS. However, it is tempting to speculate that 

BDNF, which promotes the growth and survival of neurons and regulates synaptogenesis 

(Baydyuk & Xu 2014), could be involved in the growth pattern of dopaminergic synapses 

with MSNs in the VS. Specifically, dopamine synapses increase in number during 

juvenile development, and then begin to decrease during adolescence before leveling out 

during adulthood (Cross et al. 2017; Tarazi et al. 1998). We found BDNF expression was 

lowest compared to adults during mid-adolescence (p39 adolescents) but was similar to 

adults in early-adolescent males (p32 adolescents). Since BDNF promotes neuronal 

survival and synapse formation, this pattern of BDNF expression may contribute to the 

development of the VS during adolescence. 
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3.5.4 Summary 

We found significant effects of age and sex on the regulation of dopaminergic, 

glutamatergic, and neurotrophic signaling in the VS. DARPP-32 phosphorylation at 

Thr34 was increased by a single and repeated nicotine doses in adolescents, but in adults 

was reduced by repeated nicotine doses and not affected by a single dose. DARPP-32 

Thr75 phosphorylation, on the other hand was increased by repeated nicotine doses in 

adolescent males and adult females but reduced in adolescent females and adult males. A 

single nicotine dose produced a slight increase in Thr75 phosphorylation for adolescents, 

but this was only significant for adolescent males. The adolescent-specific increase in 

DARPP-32 Thr34 phosphorylation likely reflects increased D1 dopamine receptor/PKA 

signaling in the VS of adolescents compared to adults. However, the increase in Thr75 

phosphorylation in adolescent males and adult females may be caused by greater CDK5 

activity in these groups. 

BDNF levels in older adolescent (p39) male and female mice were lower than 

adults, while younger adolescent (p32) males displayed similar BDNF levels to adults. 

BDNF signaling is developmentally regulated and promotes neuronal survival and 

differentiation. Differences between males and females in the developmental trajectory of 

BDNF expression could be the result of sex differences in the development of the VS. In 

general, BDNF and TRKB levels were reduced, although slightly, by repeated nicotine 

doses but increased by a single dose. TRKB reduction after repeated nicotine doses was 

significant only in adolescents, while its increase after a single dose was only significant 

in adult males. Increases in BDNF by a single nicotine dose were greatest in adolescent 
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females. BDNF signaling through TRKB in the VS regulates the rewarding effects of 

drugs of abuse and many forms of functional and structural plasticity associated with 

their use. Therefore, differences in the response of BDNF and TRKB protein levels to 

nicotine and at baseline could likely influence reward signaling in drug addiction. 

GLUR1 Ser845 phosphorylation was decreased by repeated nicotine doses to a 

greater extent in but increased by a single dose only in males. Since chronic exposure to 

several drugs of abuse, like cocaine and nicotine, induces a form of LTD in the VS, 

greater downregulation of GLUR1 Ser845 phosphorylation may be due to increased 

endocytosis of AMPA receptors. NR2B phosphorylation at Tyr1472 was increased by 

repeated nicotine doses in adolescent males but decreased in adolescent females. Further, 

total NR2B levels were greater in adults and older adolescent (p39) females than males, 

but lower than males in younger adolescent (p32) females. The causes of this sex 

differences in NR2B phosphorylation in adolescents is unclear, but it may be due to 

greater engagement of homeostatic mechanisms, like synaptic scaling, which can 

downregulate NMDA receptor levels in response to high activity 
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CHAPTER 4  

Nicotine produces short-term, age- and sex-dependent glutamatergic and 

neurotrophic signaling in the midbrain, but longer-term changes in Darpp-32 

activity 

 

 

4.1 Abstract 

Adolescents are particularly vulnerable to nicotine addiction, and sex differences 

in addiction become evident during adolescence. The ventral tegmental area (VTA) 

mediates many important aspects of drug reward, therefore age and sex differences in 

nicotine-induced cellular signaling in the VTA are important to understanding nicotine 

addiction. To examine these issues in an animal model, we measured proteins and 

phosphorylation events involved in addiction in the VTA of adolescent and adult, male 

and female mice. Mice received either a single nicotine dose (as a model of the first 

nicotine exposure) or repeated nicotine doses (as a model of nicotine dependence). BDNF 

protein levels were increased by a single nicotine dose in female, but not male, mice of 

both ages. Since BDNF expression in the VTA enhances cocaine self-administration, 

increased BDNF expression in females may increase nicotine reward. A single nicotine 

dose increased GLUR1 Ser845 phosphorylation in females, but not males, indicating that 

a single nicotine exposure increased glutamatergic synaptic strength in females. After 

repeated nicotine doses, we found an adolescent-specific increase in DARPP-32 Thr34 

phosphorylation in the left VTA, indicating that nicotine-induced protein kinase A 

signaling in adolescents (which is closely related to reward) is both greater and more 

asymmetric in adolescents than in adults. Taken together, these results suggest that 
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repeated nicotine doses induce a largely adolescent-specific change in DARPP-32 Thr34 

phosphorylation, which would tend to increase the vulnerability of adolescents to nicotine 

dependence. Moreover, the first nicotine dose produced a female-specific increase in 

glutamatergic and neurotrophic signaling in the VTA, both of which may be functionally 

connected to each other and may facilitate nicotine dependence.  

 

4.2 Introduction 

Adolescence is a critical period of vulnerability to the development of nicotine 

addiction, the primary psychoactive component of cigarette smoke (U.S. Department of 

Health and Human Services 2012). Illnesses related to tobacco use are the leading cause 

of preventable death in the United states (Substance Abuse and Mental Health Services 

Administration 2014), and approximately 90% of regular adult smokers began smoking 

as adolescents (U.S. Department of Health and Human Services 2012). Therefore, 

understanding the differences between adolescents and adults in nicotine-induced 

neuronal signaling is of great importance to public health. More information on the 

adolescent vulnerability to addiction and the significance of nicotine addiction to public 

health in Chapter 1. 

The mesolimbic dopamine pathway is the most important neural pathway 

involved in reward signaling and addiction. Most drugs of abuse, including nicotine, 

cause an increase in dopamine released from dopaminergic neurons originating in the 

ventral tegmentum (VT) and projecting to the ventral striatum (VS) (Nestler 2005). For 

example, cocaine, among a variety of effects on other neurotransmitter systems like 
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noradrenaline (Howell & Kimmel 2008; Liu & Li 2018), can increase the duration of a 

dopaminergic signal in the VS by inhibiting the dopamine transporter (Nestler 2005). 

Nicotine can directly activate VT dopamine neurons by binding to α2β4 nicotinic 

acetylcholine receptors (NAchRs), as well as binding to α7 NAchRs expressed at 

dopaminergic and glutamatergic synapses in the VS (Kauer 2004; Kauer & Malenka 

2007). Optogenetic activation of VTA dopamine neurons alone is sufficient to induce 

conditioned place preference (Tsai et al. 2009), while optogenetic activation of 

GABAergic interneurons which inhibit VTA dopamine neurons produces conditioned 

place aversion (Tan et al. 2012). Moreover, cocaine-conditioned place preference and 

nicotine self-administration are reduced following lesion of VTA dopamine neurons with 

6-hydroxydopamine (Roberts & Koob 1982; Corrigall et al. 1992).  

Glutamate signaling in the VTA is also important for behavioral sensitization and 

the rewarding properties of drugs of abuse. Administration of cocaine and nicotine 

increase glutamate levels in the VTA (Kalivas & Duffy 1998; Zhang et al. 2001; Lenoir 

& Kiyatkin 2013; Fu et al. 2000; You et al. 2007). Furthermore, pharmacological 

inhibition of AMPA receptors in the VTA reduces both nicotine self-administration and 

cocaine conditioned place preference (Kenny et al. 2009; Harris & Aston-Jones 2003), 

while overexpression of the GLUR1 AMPA receptor subunit in the VTA increases 

cocaine self-administration (Choi et al. 2011). 

In order to better understand the different effects of nicotine exposure on cellular 

signaling in the VTA, we measured phosphorylation and protein levels of several targets 

related to dopaminergic, glutamatergic, and neurotrophic signaling in adult and 
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adolescent male and female mice. We administered either four repeated nicotine or saline 

doses (as a model of dependence), or a single nicotine or saline dose (as a model of the 

first nicotine exposure) to separate groups of male and female mice during either 

adolescence or adulthood. We then measured protein levels of CDK5 and its activator 

p35 because of their role in regulating both dopaminergic and glutamatergic signaling, as 

well as their involvement in drug addiction (Benavides & Bibb 2004; Bibb 2003; Shah & 

Lahiri 2014). Next, we measured phosphorylation levels of Dopamine- and CAMP-

regulated phosphoprotein 32 kDa (DARPP-32) at Thr34 [the protein kinase A (PKA) 

site] and Thr75 [the cyclin-dependent kinase 5 (CDK5) site]. Both of these have 

important roles in the regulation of dopamine signaling [reviewed in: (Svenningsson et 

al. 2004)]. Additionally, we examined protein levels of BDNF and TRKB, and pro-

BDNF because of the role of neurotrophic signaling in synaptic plasticity and drug 

addiction (Hall et al. 2003; Horger et al. 1999; Lu et al. 2004; Graham et al. 2007). 

Finally, we measured phosphorylation levels of the α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPA) subunit GLUR1 at Ser845 because of its 

critical role in glutamate signaling, synaptic plasticity, and drug addiction (Kalivas 2009; 

Scofield et al. 2016). 

We found age and sex differences in glutamatergic and neurotrophic signaling 

after a single nicotine dose, and in CDK5 and DARPP-32 signaling after repeated 

nicotine doses. Females exhibited increases in BDNF levels and GLUR1 

phosphorylation, indicating female-specific nicotine-induced enhancements in synaptic 

plasticity and vulnerability to nicotine after a single nicotine dose. Repeated nicotine 
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doses affected p35 levels and DARPP-32 Thr34 phosphorylation specifically in 

adolescents, which would tend to increase the vulnerability of adolescents to nicotine 

dependence. 

4.3 Materials and Methods 

4.3.1 Animal Subjects 

C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME) 

and bred in our animal facility. Mice were housed in clear plastic cages with cellulose 

fiber bedding on a 12:12 light/dark cycle, with food and water provided ad lib. All mice 

were weaned on postnatal day 21 (Pnd21). Animals included in the “adult” group were 

allowed to mature to at least Pnd90 before their first injection, while mice in the 

“adolescent” group received their first injection on Pnd32. Mice received either repeated 

or a single injections of nicotine bitartrate (0.5 mg/kg free-base equivalent) dissolved in 

saline or an equivalent volume of 0.9% saline. Mice on the repeated injections schedule 

received four injections spaced 48 h apart. All animal procedures were approved by the 

George Mason University Institutional Animal Care and Use Committee and were in 

accordance with the guidelines published in the Guide for the Care and Use of Laboratory 

Animals” that was adopted by the NIH. 

 

4.3.2 Tissue Collection 

Mice of each sex (male or female) and age (adolescent or adult) were sacrificed 

by decapitation 24 h after their last injection (if they received repeated injections) or 30 

minutes after their last injection (if they received a single injection). Next, the brain was 
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removed from the skull with a small spatula and placed into a pre-cooled metal brain 

matrix (ASI Instruments, Warren, MI) with 1 mm coronal divisions. Single edge razor 

blades were placed into slots of the brain matrix corresponding to Bregma -3 and -4 

(containing the VT) creating a 1 mm slice (Franklin & Paxinos 2008). The VT was 

removed from the slice by cutting an inverted “V” at a 100° angle extending ventrally 

from the aqueduct of Sylvius. The left and right halves of the VT were placed into 

separate, labeled 1.5 mL microcentrifuge tubes, and rapidly frozen in precooled 

aluminum blocks to be stored at -80°C. 

 

4.3.3 Protein Extraction and Sample Preparation 

Frozen tissue samples were ground to a fine powder using a mortar and pestle on 

dry ice. The powder was transferred to a labeled 1.5 mL microcentrifuge tube containing 

200 µL of tissue lysis buffer (T-PER lysis buffer; Pierce Biotechnology, Rockford, IL) 

containing the HALT protease and phosphatase inhibitor cocktail (Pierce Biotechnology, 

Rockford, IL). This solution was sonicated for 12 x 10 sec bursts, with each burst 

followed by 50 sec on ice. The sonicated solution was then centrifuged at 13,000 rpm for 

15 min at 4°C, the supernatant was transferred to a fresh, labeled microcentrifuge tube, 

and stored frozen at -80°C. The protein concentration of each sample was measured with 

the Pierce BCA protein assay (Fisher Scientific, Waltham, MA). 
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4.3.4 Western Blots 

A volume of each protein sample equivalent to 10 µg of protein was mixed with 

an equivalent volume of 2x Laemmli buffer (Cold Spring Harbor 2006), heated to 95°C 

for 5 minutes, and cooled at room temperature for 15 min. Each sample was loaded into a 

5% acrylamide stacking gel (pH 6.8), over a 15% acrylamide separating gel (pH 8.8). 

Additionally, every gel included lanes loaded with: (i) a molecular weight standard 

ranging from 250 to 10 kiloDaltons (kD) (Page-ruler plus protein ladder, Fisher 

Scientific, Walham, MA) and, as a positive control, triplicate lanes of a pooled whole 

striatum (for CDK5, p35, DARPP-32 T34, and DARPP-32 T75) or pooled hippocampus 

sample (for NR2B, NR2B Y1472, GLUR1 S845, BDNF, and TRKB) prepared from the 

striatums or hippocampuses of two male and two female mice. 

Electrophoresis proceeded at 40 mA constant current for 100 min and then the 

electrophoresed samples were transferred to a polyvinylidene fluoride (PVDF) membrane 

for 2 hours at 250 mA. At this time, the membrane was cut into two portions, one for 

antibody staining and one for total protein staining. For NR2B, NR2B Y1472, GLUR1 

S845, and TRKB, the membrane was cut at a point corresponding to 45 kD and the top 

portion (containing proteins >45 kD) retained for antibody staining. For CDK5, p35, 

DARPP-32 T34, DARPP-32 T75, and BDNF the membrane was cut at a point 

corresponding to 40 kD and the lower portion (containing proteins <40 kD) was retained 

for antibody staining. In either case, the portion not used for antibody staining was 

reserved for later total protein staining. 
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The portion of the membrane retained for antibody staining was blocked by 

preincubation in 5% non-fat dry milk (Sigma-Aldrich, Milwaukee, WI) in Tris-buffered 

saline plus Tween 20 (TTBS) for 1 h at room temperature. Next, the membrane was 

incubated in the primary antibody (diluted in 5% non-fat dry milk in TTBS) overnight at 

4°C. Antibodies used for immunoblotting were CDK5 (Cell Signaling Technology 

#2506S, 1:2000); p35 and p25 (Cell Signaling Technology #2680S, 1:1000); NR2B (Cell 

Signaling Technology #4207, 1:1000); p-NR2B Y1472 (Phospho Solutions #p1516-1472, 

1:1000); p-GLUR1 S845 (Phospho Solutions #p1160-845, 1:1000); p-DARPP-32 T34 

(Cell Signaling Technology #12438, 1:1000); p-DARPP-32 T75 (Cell Signaling 

Technology #2301S, 1:1000); BDNF and pro-BDNF (Novus Biologicals #NB100-98682; 

1:1000); TRKB (Cell Signaling Technology #4603; 1:1000). p35 and p25 were 

distinguished from each other by their molecular weights on western blots (Patrick et al. 

1999). Additionally, BDNF and pro-BDNF were distinguished from each other by their 

molecular weights on western blots (Leßmann & Brigadski 2009). 

The next day, after 5 x 5 min washes in TTBS, PVDF membranes were incubated 

in secondary antibody conjugated to alkaline phosphatase (Novus Biologicals Goat anti-

rabbit IgG-AP #NBP1-72594, 1:2500) for 1 hour at room temperature. Membranes were 

then washed 5 x 5 min in TTBS, 2 x 5 min in distilled water, and finally 3 x 10 min in 0.1 

M carbonate buffer pH 9.8. Antibody-stained bands were visualized by alkaline 

phosphatase chemiluminescence, using the CDP-Star chemiluminescent substrate 

(Sigma-Aldrich, Milwaukee, WI). After a 5 min incubation at room temperature in CDP-

Star, PVDF membranes were photographed in complete darkness using a cooled CCD 
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camera (Tucsen Photonics, Fuzhou, China) set to 25 dB gain and a 21 min exposure time. 

Images were smoothed ("despeckled" to reduce noise) and background-subtracted (with 

the rolling ball method, 50 pixel radius) using ImageJ software (National Center for 

Biotechnology Information, Bethesda, MD). Individual protein bands were quantified 

using Gel Analyzer (Lazar Software, http://www.gelanalyzer.com). 

 

4.3.5 Total Protein Staining 

Total protein staining of the portion of the membrane that was not used for 

antibody staining was performed with 0.1% India ink in phosphate-buffered saline (pH 

7.4) with 0.3% Tween 20 (PBST). The membrane was first treated with 180 mM NaOH 

for 5 min, then washed 2 x 5 min with ddH2O, and 4 x 10 min washes in PBST. The 

membrane was stained by shaking overnight at room temperature in 0.1% India ink in 

PBST, then washed in ddH2O 3 x 5 min, and allowed to air-dry at room temperature for 1 

h. Stained membranes were photographed with a cooled CCD camera set to 6 dB gain 

and a 10 sec exposure time, with illumination by diffuse visible light (Panelescent night 

lights, Sylvania, Wilmington, MA). Densitometry was performed on the resulting images 

with Gel Analyzer (Lazar Software, http://www.gelanalyzer.com), by integrating the 

optical density (Kruiswijk et al. 1978) of the entire protein lane, staring from the -actin 

band at 42 kD. 

 

http://www.gelanalyzer.com/
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4.3.6 Data Normalization and Analysis  

The chemiluminescence of each antibody-stained band was normalized with the 

following formula: (chemiluminescence) / (integrated optical density of total proteins). 

Normalizing in this way controlled for variation (between lanes) in the amount of protein 

samples that were loaded. Comparison between samples from different gels was 

facilitated by an additional round of normalization, in which each of the above 

normalized chemiluminescence values were expressed as a ratio to the similarly 

normalized signal obtained from a pooled whole striatum control, loaded on each gel in 

triplicate (see previous section entitled “Western blots”). 

Data analysis was performed primarily by univariate ANOVAs, which were 

calculated for each antigen with the Statistical Package for the Social Sciences (SPSS 

Inc., Chicago, IL). The between-subjects factors were Antigen (each individual protein or 

phosphorylation site measured), Age (adolescent, adult), Sex (male, female), Side (left, 

right), and Drug (nicotine, saline). We also performed separate repeated measures 

ANOVAs for the single nicotine injection and repeated nicotine injections data sets. We 

applied the Greenhouse-Geisser correction to control for violations of sphericity. 

Student's t-tests, and standard error bars were calculated with GraphPad PRISM 

software (Graphpad Software Inc., San Diego, CA). All t-tests were two-tailed. Welch's 

correction was applied to t-tests in which the variances were significantly different, as 

shown by the F-test. An  value of 0.05 was used to determine statistical significance. 

Within each age and sex group, a t-test was performed for each group that differed by one 

factor (left vs. right and nicotine vs. saline). 
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4.4 Results 

In order to investigate the immediate effects of nicotine injection, a group of 

adolescent and adult males and females were administered a single nicotine or saline dose 

followed by dissection of the VT 30 minutes later. Repeated measures ANOVA of 

protein and phosphorylation levels (i.e. antigens measured by western blots) showed an 

effect of Antigen [F2.6,118 = 417, p < 10-58]. The data also showed interactions of 

Antigen*Age [F2.6,118 = 9.3, p < 10-4] and Antigen*Sex [F2.6,118 = 15, p < 10-6], along 

with several additional interactions outlined in Table 1. 

 

Table 4.1 ANOVA interactions, Single nicotine dose, Ventral Tegmentum 

Effect  d.f.  F  P 

Antigen  2.6  417  p < 10-58 

Antigen*Age  2.6  9.3  p < 10-4 

Antigen*Sex  2.6  15  p < 10-6 

Antigen*Sex*Drug  2.6  8.6  p < 10-4 

Antigen*Drug*Side  2.6  4.1  p < 0.01 

Antigen*Age*Sex*Drug  2.6  3.8  p < 0.01 

       

d.f. (error)  118     

 

 

In separate series of experiments, we administered four repeated nicotine (or 

saline) doses spaced 48 h apart to adolescent and adult male and female mice, and then 

dissected the VT 24 h after the last dose. Repeated measures ANOVA of the results 

revealed an effect of Antigen [F3.9,189 = 737, p < 10-112]. We also found interactions of 

Antigen*Age [F3.9,189 = 14, p < 10-9] and Antigen*Sex [F3.9,189 = 6.1, p < 10-3], as well as 
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several other significant interactions outlined in Table 2. The significant effect of Antigen 

in the single and repeated nicotine/saline dose data sets indicated significant differences 

in the expression patterns of the individual proteins and phosphorylation sites measured 

here. Therefore, we next analyzed the expression of each individual antigen by univariate 

ANOVA. 

 

Table 4.2 ANOVA interactions, Repeated nicotine doses, Ventral Tegmentum 

Effect  d.f.  F  P 

Antigen  3.9  737  p < 10-112 

Antigen*Age  3.9  14  p < 10-9 

Antigen*Sex  3.9  6.1  p < 10-3 

Antigen*Age*Sex  3.9  10  p < 10-6 

Antigen*Age*Drug  3.9  2.5  p < 0.05 

Antigen*Sex*Drug  3.9  3.2  p < 0.05 

Antigen*Age*Sex*Drug  3.9  4.1  p < 0.01 

       

d.f. (error)  189     
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4.4.1 DARPP-32 Thr34 Phosphorylation 

 
Figure 4.1 Phosphorylation levels of DARPP-32 at Thr34 in the VT after repeated nicotine/saline 

doses.  
Chemiluminescent signals from phospho-specific antibodies were normalized to total protein levels in the same lane as 

described in Materials and Methods. Whiskers represent minimum and maximum value with a line at the median. 

Pairwise statistical comparisons between nicotine and saline treated samples were performed by t-test: *, p < 0.05; **, 

p < 0.01. 

 

In mice receiving repeated nicotine/saline doses, adolescent males displayed 

higher levels of DARPP-32 Thr34 phosphorylation than adolescent females (Fig. 4.1). 

However, Thr34 phosphorylation was roughly the same between adult males and adult 

females. This resulted in an interaction of Age*Sex [F1,64 = 9.0, p < 0.01]. The greater 

sex difference in Thr34 phosphorylation in adolescents resulted in an effect of Sex that 

was significant in adolescents [F1,29 = 9.7, p < 0.01] but not adults. Nicotine produced an 

adolescent-specific increase in DARPP-32 Thr34 phosphorylation on the left VT, but not 

the right VT, producing an interaction of Age*Drug [F1,64 = 8.6, p < 0.01]. This increase 

was more pronounced in adolescent males than adolescent females, resulting in an overall 

interaction of Age*Sex*Drug*Side [F1,64 = 4.1, p < 0.05], and an interaction of 
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Sex*Drug*Side [F1,29 = 6.7, p < 0.05] that was significant in adolescents. (Fig. 4.1). In 

adults, nicotine reduced Thr34 phosphorylation bilaterally in males but had little effect on 

adult females. However, the effect of nicotine on Thr34 phosphorylation was greater in 

adolescents, resulting in a significant effect of Drug in adolescents [F1,29 = 4.7, p < 0.05] 

but not adults. Since DARPP-32 Thr34 is phosphorylated by PKA (Greengard 2001), 

these results suggest that nicotine increased PKA activity in the left VT of adolescents, 

but not adults. 

 

4.4.2 DARPP-32 Thr75 phosphorylation 

 

 
Figure 4.2 Phosphorylation levels of Darpp-32 Thr75  in the VT after either single (A) or repeated (B) 

nicotine/saline doses.  

Chemiluminescent signals were normalized to total protein levels in the same lane as described in Materials and 

Methods. Whiskers represent minimum and maximum value with a line at the median. Pairwise statistical comparisons 

between nicotine and saline treated samples were performed by t-test: *, p < 0.05; **, p < 0.01. 
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In mice who receiving a single nicotine/saline dose, DARPP-32 Thr75 

phosphorylation was significantly higher in adolescents than adults, producing an effect 

of Age [F1,62 = 87, p < 10-12] (Fig. 4.2A). Nicotine produced higher levels of Thr75 

phosphorylation in females than males. Adolescent females showed a greater nicotine-

induced increase in Thr75 phosphorylation than adolescent males, while nicotine 

decreased Thr75 in adult males but increased Thr75 in adult males. These results 

produced an effect of Sex [F1,62 = 4.3, p < 0.05] and an interaction of Sex*Drug [F1,62 = 

5.5, p < 0.05] for DARPP-32 Thr75. In this case, the sex difference in the effect of 

nicotine on DARPP-32 Thr75 phosphorylation was most notable in adults, who showed a 

significant interaction of Sex*Drug [F1,29 = 8.6, p < 0.01] that was not significant in 

adolescents. These results indicate greater sex differences in DARPP-32 Thr75 

phosphorylation in adults than adolescents. 

DARPP-32 Thr75 phosphorylation was altered by repeated nicotine doses in a 

sex-dependent manner (Fig. 4.2B). Repeated nicotine doses increased Thr75 

phosphorylation in females but in males either decreased (in adult males) or had no effect 

(in adolescent males) on Thr75 phosphorylation. These effects resulted in a significant 

interaction of Sex*Drug [F1,67 = 5.5, p < 0.05]. The significant increase in DARPP-32 

Thr75 in adult females may reflect relatively increased nicotine-induced CDK5 activity 

in adult females compared to adult males. 
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4.4.3 GLUR1 Ser845 phosphorylation 

 

 
Figure 4.3 Phosphorylation levels of GLUR1 at Ser845 in the VT after repeated nicotine/saline doses.  

Chemiluminescent signals from phospho-specific antibodies were normalized to total protein levels in the same lane as 

described in Materials and Methods. Whiskers represent minimum and maximum value with a line at the median. 

Pairwise statistical comparisons between nicotine and saline treated samples were performed by t-test: *, p < 0.05. 

 

In mice given a single dose of nicotine/saline, adolescent females had higher 

GLUR1 Ser845 levels than adolescent males, while adult females had lower levels of 

Ser845 than adult males (Fig. 4.3A). Moreover, GLUR1 Ser845 phosphorylation was 

higher in adult males compared to adolescent males, producing an interaction of Age*Sex 

[F1,55 = 20, p < 10-4]. An effect of Age was significant in males [F1,34 = 33, p < 10-5] but 

not females, showing that GLUR1 phosphorylation was developmentally regulated in 

males. A single nicotine dose increased GLUR1 phosphorylation at Ser845 in female but 

not male mice, producing an overall effect of Drug [F1,55 = 5.1, p < 0.05] and an 

interaction of Sex*Drug [F1,55 = 14, p < 10-3] (Fig. 4.3A). This female-specific increase 
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in Ser845 phosphorylation by nicotine resulted in an effect of Drug that was significant in 

females [F1,26 = 9.7, p < 0.01] but not in males. This indicates a relative increase in 

glutamatergic synaptic strength in females, but not males, after a single nicotine dose. 

In mice receiving repeated doses of nicotine/saline, adolescent males displayed 

higher GLUR1 Ser845 phosphorylation than adolescent females, however adult males 

had lower levels of Ser845 phosphorylation than adult females (Fig. 4.3B). These 

differences produced an effect of Sex [F1,68 = 7.2, p < 0.01] and an interaction of 

Age*Sex [F1,68 = 18, p < 10-4]. Therefore, during puberty GLUR1 Ser845 

phosphorylation levels rose in females, but decreased in males. High levels of GLUR1 

Ser845 phosphorylation in adolescent males resulted in an overall effect of Age [F1,68 = 

4.7, p < 0.05], and an effect of Age that was significant in males [F1,34 = 18, p < 10-3] but 

not females. Repeated nicotine doses had only a mild effect on Ser845 phosphorylation 

(Fig. 4.3B). In adolescents, nicotine produced a modest increase in Ser845 

phosphorylation, but in adults Ser845 was decreased by nicotine, resulting in an 

interaction of Age*Drug [F1,68 = 5.5, p < 0.05]. These results suggest that repeated 

nicotine doses decreased AMPA receptor endocytosis in adolescents, but not adults. 
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4.4.4 BDNF and pro-BDNF protein levels 

 

 
Figure 4.4 Protein levels of BDNF in the VT after either a single (A) or repeated (B) nicotine/saline doses.  

Chemiluminescent signals from phospho-specific antibodies were normalized to total protein levels in the same lane as 

described in Materials and Methods. Whiskers represent minimum and maximum value with a line at the median. 

Pairwise statistical comparisons between nicotine and saline treated samples were performed by t-test: *, p < 0.05; ***, 

p < 10-3. 

 

For mice given a single nicotine/saline dose, males displayed higher BDNF levels 

on average than females, resulting in an effect of Sex [F1,63 = 32, p < 10-6]. A single 

nicotine dose produced a significant bilateral increase in BDNF levels in females but 

caused a significant reduction in BDNF on the left side only of adult males. These effects 

produced an interaction of Sex*Drug [F1,63 = 27, p < 10-5] and an interaction of 

Drug*Side [F1,63 = 5.0, p < 0.05] (Fig. 4.4A). The significant asymmetry in the response 

of BDNF to nicotine in males also resulted in a significant interaction of Drug*Side that 

was present in males [F1,31 = 5.4, p < 0.05] but not females. Adult females showed a 

greater increase in BDNF levels than adolescents after a single nicotine dose, resulting in 
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an effect of Age*Drug in females [F1,32 = 6.3, p < 0.05]. Since BDNF expression in the 

VTA enhances cocaine self-administration (Bolaños & Nestler 2004; Wang et al. 2016), 

the upregulation of BDNF by nicotine in females would likely enhance their desire to 

seek nicotine. 

In mice receiving repeated nicotine/saline doses, males and females exhibited 

significant differences in the level of BDNF expression (Fig. 4.4B). Males consistently 

showed higher BDNF levels than females, however, this difference was more pronounced 

in adults than adolescents, resulting in an effect of Sex [F1,66 = 113, p < 10-15]; and an 

interaction of Age*Sex [F1,66 = 14, p < 10-3]). A significant effect of Sex was also 

observed in both adolescents [F1,29 = 18, p < 10-3] and adults [F1,37 = 136, p < 10-13] 

individually. BDNF levels were highest in adult males resulting in an effect of Age [F1,66 

= 5.5, p < 0.05]. BDNF levels were not significantly affected by repeated nicotine doses 

in the VT. Since BDNF levels were higher in males than females during adolescence and 

adulthood, this reflects a fundamental difference between males and females in 

neurotrophic signaling in the VT. 
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Figure 4.5 Protein levels of pro-BDNF in the VT after either a single (A) or repeated (B) nicotine/saline doses.  

Chemiluminescent signals from phospho-specific antibodies were normalized to total protein levels in the same lane as 

described in Materials and Methods. Whiskers represent minimum and maximum value with a line at the median. 

Pairwise statistical comparisons between nicotine and saline treated samples were performed by t-test. 

 

No significant effects were observed in the expression of pro-BDNF after either a 

single or repeated nicotine/saline doses (Fig. 4.5A,B). 
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4.4.5 TrkB protein levels 

 

 
Figure 4.6 Protein levels of TRKB in the VT after either a single (A) or repeated (B) nicotine/saline doses.  

Chemiluminescent signals were normalized to total protein levels in the same lane as described in Materials and 

Methods. Whiskers represent minimum and maximum value with a line at the median. Pairwise statistical comparisons 

between nicotine and saline treated samples were performed by t-test: *, p < 0.05. 

 

Overall, TRKB levels in the VT were higher in adults than adolescents in mice 

who received a single dose of nicotine/saline, especially in adult males. This resulted in 

an effect of Age [F1,62 = 9.3, p < 0.01] and an interaction of Age*Sex [F1,62 = 5.0, p < 

0.05]). TRKB receptor levels were significantly decreased by a single nicotine dose in 

adolescent males (Fig. 4.6A), while in adults TRKB was mildly upregulated by nicotine 

injection, producing an interaction of Age*Drug [F1,62 = 9.3, p < 0.01]. The effect of 

nicotine on TRKB was most apparent in adolescent males, producing an effect of Drug 

[F1,32 5.4= p < 0.05] and an interaction of Sex*Drug [F1,32 = 6.5, p < 0.05] that was 

significant in adolescents but not adults. The downregulation of the TRKB receptor by a 
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single nicotine dose in adolescent males would further contribute to decreased 

neurotrophic signaling in adolescent males. 

Mice given repeated doses of nicotine/saline did not exhibit any significant sex- 

or age-dependent differences in TRKB receptor levels (Fig. 4.6B). However, repeated 

nicotine doses tended to increase TRKB levels in adults. Conversely, adolescent females 

displayed decreased TRKB after nicotine doses, while adolescent males showed 

increased TRKB on the right and decreased TRKB on the left, resulting in interactions of 

Age*Drug [F1,55 = 7.1, p < 0.05] and Age*Sex*Drug [F1,55 = 5.1, p < 0.05]. In 

adolescents, we also observed a significant effect of Sex [F1,29 = 5.5, p < 0.05] and an 

interaction of Sex*Drug [F1,29 = 6.0, p < 0.05], further highlighting the sex differences 

observed in adolescents. In adults, we did not observe a significant effect of Sex, 

however there was an effect of Drug [F1,26 = 4.5, p < 0.05]. These results were similar to, 

but less pronounced than, the effects of a single nicotine dose (Fig. 4.6B). Overall, 

repeated nicotine doses had a smaller effect on neurotrophic signaling than a single dose. 
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4.4.6 p35 protein levels 

 
Figure 4.7 Protein levels of p35 in the VT after either a single (A) or repeated (B) nicotine/saline doses.  

Chemiluminescent signals were normalized to total protein levels in the same lane as described in Materials and 

Methods. Whiskers represent minimum and maximum value with a line at the median. Pairwise statistical comparisons 

between nicotine and saline treated samples were performed by t-test: *, p < 0.05. 

 

In mice who received a single dose of nicotine/saline, adolescents exhibited 

greater p35 levels than adults, producing an effect of Age [F1,59 = 11, p < 0.01]. A single 

nicotine dose increased p35 protein levels in the left VT of adult males but did not 

significantly affect any other group (Fig. 4.7A). We also observed an interaction of 

Age*Drug that trended towards significance [F1,59 = 3.9, p < 0.06], due in part to the 

significant upregulation of p35 in adult males. When adults and adolescents were 

analyzed separately, we observed a significant effect of Drug in adults [F1,27 = 7.4, p < 

0.05] but not in adolescents, likely due to the significant increase in p35 in adult males. 

Since the activity of CDK5 is primarily determined by binding to p35 (Takahashi et al. 

2005), these results indicated a potential increase in CDK5 activity in the left VT of adult 

males after a single nicotine dose. 
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In mice receiving repeated doses of nicotine/saline, p35 levels were on average 

higher in females than males, resulting in an effect of Sex [F1,66 = 5.6, p < 0.05]. 

Similarly, adolescents showed higher p35 levels than adults, as demonstrated by an effect 

of Age [F1,66 = 7.1, p < 0.01]. Repeated nicotine doses had a greater effect on p35 in 

adolescents than adults but affected p35 levels in opposite directions between adolescent 

males and adolescent females (Fig. 4.7B). Nicotine increased p35 levels in adolescent 

males on both sides but decreased p35 levels only in the right VT of adolescent females. 

In contrast, p35 levels in adults were unaffected by nicotine. These results produced 

interactions of Sex*Drug [F1,66 = 5.9, p < 0.05] and Age*Sex*Drug [F1,66 = 9.2, p < 

0.01]. These two effects were due primarily to the opposite effects of nicotine in 

adolescents, resulting in an effect of Sex*Drug that was significant in adolescents [F1,29 = 

15, p < 10-3] but not adults. The nicotine response in adolescents was asymmetric, 

particularly in adolescent females, while adults showed higher greater p35 levels on the 

left than the right, resulting in a net effect of Side [F1,66 = 4.8, p < 0.05]. The greater 

asymmetry in p35 levels in females compared to males produced an effect of Side that 

was significant in females [F1,34 = 4.6, p < 0.05] but not males. Overall, these results 

indicate that multiple nicotine doses may decrease CDK5 activity in adolescent females, 

but increase CDK5 activity in adolescent males. 
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4.4.7 Cdk5 protein levels 

 

 
Figure 4.8 Protein levels of Cdk5 in the VT after either a single (A) or repeated (B) nicotine/saline doses. 

Chemiluminescent signals were normalized to total protein levels in the same lane as described in Materials and 

Methods. Whiskers represent minimum and maximum value with a line at the median. Pairwise statistical comparisons 

between nicotine and saline treated samples were performed by t-test: *, p < 0.05. 

 

After a single nicotine/saline dose, adolescent females displayed higher CDK5 

levels than adolescent males. Adult female saline controls had slightly lower CDK5 than 

adult males, but adult females receiving a single nicotine dose displayed higher CDK5 

levels than adult males. These results produced an effect of Sex [F1,61 = 11, p < 0.01] and 

an interaction of Age*Sex [F1,61 = 7.2, p < 0.01]. The effect of Sex was most notable in 

adolescents, producing an effect of Sex that was significant in adolescents [F1,32 = 21, p < 

10-4] but not in adults. A single nicotine dose affected CDK5 levels in multiple groups 

(Fig. 4.8A). In adolescent females, nicotine significantly reduced CDK5 levels on the 

right VT, but adolescent males and adult females showed a significant increase in CDK5 
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in the left VT, producing an interaction of Age*Sex*Drug [F1,61 = 13, p < 10-3]. Adult 

males, in contrast, showed no significant effect of nicotine. The opposite effects of a 

single nicotine dose on CDK5 levels in adolescents produced an interaction of Sex*Drug 

that was significant in adolescents [F1,32 = 11, p < 0.01] but not in adults. 

For mice receiving repeated nicotine/saline doses, CDK5 levels were higher in 

adults than in adolescents, resulting in an effect of Age [F1,68 = 60, p < 10-10]. CDK5 was 

also higher in males than females of the same age group, producing an effect of Sex [F1,68 

= 7.6, p < 0.01] (Fig. 4.8B). Nicotine resulted in opposite sex-dependent effects in 

adolescents vs adults. Adolescent males and adult females showed increased CDK5 

levels after repeated nicotine doses, but in adolescent females and adult males CDK5 was 

decreased by nicotine. These contrasting results produced interactions of Age*Sex [F1,68 

= 12, p < 10-3] and Age*Sex*Drug [F1,68 = 21, p < 10-4]. Similarl to the results of a 

single nicotine dose, nicotine increased CDK5 in adolescent males and adult females, but 

lowering CDK5 in adolescent females and adult males (Fig. 4.8A). Overall, sex 

differences in the effect of nicotine on CDK5 were found in both adults and adolescents, 

however the sex differences were most apparent in adults. When these age groups were 

tested separately, an interaction of Sex*Drug was significant in both adolescents [F1,30 = 

5, p < 0.05] and in adults [F1,38 = 18, p < 10-3]. Taken along with the p35 data from both 

single and multiple nicotine doses, we condlude that CDK5 activity was probably 

reduced by nicotine in adolescent females, but increased in adolescent males. 
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4.5 Discussion 

4.5.1 Age- and sex-dependent regulation of DARPP-32 phosphorylation 

We observed an adolescent-specific increase in DARPP-32 Thr34 

phosphorylation after repeated nicotine doses (Fig. 4.1), which indicates greater nicotine-

stimulated PKA signaling in adolescents than adults. Increases in DARPP-32 Thr34 

phosphorylation in adolescents could contribute to the adolescent nicotine dependence, 

due to the important role of DARPP-32 Thr34 phosphorylation as a mediator of D1 

dopamine receptor and PKA signaling (Greengard 2001) (see chapter 3 discussion). D1 

receptors are expressed in the VTA on the axonal terminals of glutamatergic and 

GABAergic afferents (Lu et al. 1997; Kalivas & Duffy 1995; Steffensen et al. 1998). 

They are stimulated by dendritic dopamine release (Rice & Patel 2015), the consequences 

of which may include increased excitation of VTA cells by glutamatergic afferents, 

followed by increased dopamine release in the ventral striatum. 

It is thus not surprising that inhibition of D1 receptor signaling in the VTA has 

been shown to reduce cocaine-conditioned place preference (Galaj et al. 2014). 

Interestingly, injection of a D1 receptor antagonist into the VTA increased the number 

cocaine infusions self-administered on a fixed ratio schedule, but decreased the 

breakpoint (the point at which the rats were no longer willing to work for cocaine) on a 

progressive ratio schedule (Ranaldi & Wise 2001). These results suggest that inhibition 

of D1 signaling in the VTA reduced the rewarding effects of cocaine, as rats on a fixed 

ratio schedule continued to lever press for cocaine but had to lever press more frequently 

to maintain the same level of reward. Under a progressive ratio paradigm, rats are 
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required to work progressively harder for each subsequent cocaine infusion until they quit 

trying, which provides an indication of the motivation of an animal to receive a reward. 

The reduction in the breakpoints observed in the progressive ratio test thus suggests that a 

D1 antagonist reduced the motivation to obtain cocaine, due to a reduction its rewarding 

effects. 

Our observation of significantly increased DARPP-32 Thr34 phosphorylation in 

the left VT of adolescents, but not adults, may reflect increased dopamine signaling in the 

adolescent left VT in response to chronic nicotine (Fig. 4.1). However, we cannot 

completely eliminate the possibility that signaling through other types of receptors that 

activate cAMP production could also be involved. In either case, we found that nicotine-

induced increases in DARPP-32 Thr34 phosphorylation also occurred specifically in the 

adolescent left VS (see chapter 3), presumably due to greater activation of the left VTA 

and hence greater DA release in the left VS. Therefore, greater PKA signaling, as 

measured by Thr34 phosphorylation, would result in greater rewarding effects of nicotine 

in adolescents. 

DARPP-32 Thr75 phosphorylation by CDK5 converts DARPP-32 from an 

inhibitor of PP-1 to an inhibitor of PKA signaling (Greengard 2001). We observed 

greater DARPP-32 Thr75 phosphorylation in postnatal day 32 adolescents than in adults, 

but similar Thr75 phosphorylation levels in postnatal day 39 adolescents compared to 

adults (Fig. 4.2). This is particularly interesting in that it mirrors the trend we see in the 

p35 protein, which was greater in postnatal day 32 adolescents than adults (Fig. 4.7). 

Since DARPP-32 Thr75 is phosphorylated by CDK5, and CDK5 activity is determined in 
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part by binding to p35 (Takahashi et al. 2005), this suggests that there was a higher level 

of CDK5 activity in postnatal day 32 adolescents than in adults. This correlation is clear 

in the saline controls, but did not extend to the effects of nicotine doses on p35 and 

DARPP-32 Thr75 phosphorylation levels. After repeated nicotine doses, DARPP-32 

Thr75 phosphorylation was significantly increased only in adult females, but p35 levels 

were unaffected by nicotine in adult females. Similarly, p35 levels were decreased by 

nicotine in adolescent females and increased in adolescent males, but nicotine had no 

significant affect on DARPP-32 Thr75 phosphorylation in adolescents. Therefore it is 

possible that some other form of regulation, such the binding of CDK5 to p25 (Patrick et 

al. 1999), may contribute to the effect of nicotine on DARPP-32 Thr75 phosphorylation. 

In fact, DARPP-32 Thr75 phosphorylation may be affected by the binding of p25 to 

GSK3β, which is extremely potent, event though in our hands the p25 levels in the VTA 

were too small to measure (Chow et al. 2014). 

 

4.5.2 Age- and sex-dependent regulation of GLUR1 phosphorylation 

A single nicotine dose resulted in an increase in GLUR1 phosphorylation in 

females that was greater in adolescents than adults, but with little to no effect in males 

(Fig. 4.3A). This suggests a possible female-specific increase in synaptic strength in the 

VTA in response to a single nicotine dose. Moreover, this increase in GLUR1 Ser845 

phosphorylation in females may contribute to enhanced behavioral sensitization to 

nicotine in females (compared to males). 
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Several lines of evidence suggest that a single dose of cocaine or nicotine can 

increase synaptic strength in the VTA, and that this increase was associated with 

behavioral sensitization to drugs of abuse. For example, previous studies have shown a 

single cocaine dose can induce LTP in dopamine neurons of the VTA (Ungless et al. 

2001; Argilli et al. 2008), and a single nicotine dose (Mansvelder & McGehee 2000; Mao 

et al. 2011). Furthermore, this effect, mediated by an increase in the AMPAR/NMDAR 

ratio, was positively correlated with the initial behavioral effects of cocaine on locomotor 

sensitization (Borgland et al. 2004). Other studies have shown that the LTP induced by a 

single cocaine injection is specifically associated with the recruitment of AMPA 

receptors containing the GLUR1 subunit (Bellone & Lüscher 2006). GLUR1 Ser845 

phosphorylation promotes the insertion of the AMPA receptors into the synaptic 

membrane, as well as decreasing its endocytosis (Man et al. 2007). Therefore, it is likely 

that the increase in GLUR1 Ser845 phosphorylation that we observed in females after a 

single nicotine dose resulted in increases in the strength of glutamatergic synapses in the 

VT. This strongly suggests greater sensitivity in females than males to the effects of 

nicotine on synaptic plasticity in the VTA. Since increased synaptic strength in the VTA 

following cocaine exposure was correlated with the initial behavioral effects of cocaine 

(Borgland et al. 2004), this effect may also contribute to behavioral sensitization to 

nicotine in females. 
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4.5.3 Sex-dependent regulation of BDNF and TRKB protein levels 

We found that a single nicotine dose increased BDNF in the female VT but 

decreased BDNF in the male VT (Fig. 4.4A). BDNF is an important regulator of synaptic 

plasticity, neuronal development, and cell survival (Adachi et al. 2014), however most 

relevant is the involvement of BDNF in drug addiction. Nicotine-induced increases in 

BDNF expression in the female VT would likely enhance the motivation of females for 

nicotine, as BDNF signaling in the VTA tends to increase drug consumption (see below). 

BDNF expression has been shown to be induced in the VTA by cocaine and nicotine 

exposure (Le Foll et al. 2005) (Hallenberg, Hudson, et al, submitted)(McGinty et al. 

2010; Le Foll et al. 2002). Infusion of BDNF protein into the VTA greatly enhances 

cocaine self-administration and locomotor sensitization (Lu et al. 2004; Horger et al. 

1999; Grimm et al. 2003; Bolaños & Nestler 2004; Wang et al. 2016). Moreover, 

reduction of the level of BDNF signaling in the VTA attenuates the rewarding effects of 

cocaine. For example, cocaine-seeking behavior is substantially reduced in BDNF +/- 

animals and after siRNA-mediated knockdown of BDNF and TRKB expression in the 

VTA (Bahi et al. 2008; Hall et al. 2003; Narita et al. 2003). This indicates that 

neurotrophic signaling in the VTA is essential to the motivation to seek cocaine. 

Therefore, nicotine-induced increases in BDNF expression in females may enhance the 

vulnerability of females to nicotine dependence. 

The increase that we observed in BDNF levels after a single nicotine dose in 

females, but not in males, suggests that greater levels of neurotrophic signaling were 

stimulated by nicotine in females. Since BDNF expression in the VTA enhances the 
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rewarding effects of other psychostimulants, like cocaine and amphetamines (Lu et al. 

2004; Shen et al. 2006), it is likely that this increase in BDNF expression in females is 

involved in the increased nicotine consumption observed in female rodents compared to 

males (Li et al. 2007; Locklear et al. 2012; Halder et al. 2013). Further, the involvement 

of BDNF in the formation of LTP in the VTA (Pu et al. 2006; Minichiello 2009; Russo et 

al. 2009), taken together with our observation that GLUR1 Ser845 phosphorylation is 

increased in females after a single nicotine dose, suggests that neurotrophic signaling 

may also be involved in sex differences in nicotine consumption. Our observed female-

specific increase in BDNF after a single nicotine dose in females may also be part of the 

mechanism of nicotine-induced changes in glutamatergic synaptic strength in the VTA. 

Taken together, each of these effects would indicate a greater potential for nicotine 

reward in females compared to males. 

 

4.5.4 Age- and sex-dependent effects of nicotine on CDK5 and p35 protein 

We observed an adolescent-specific effect of repeated nicotine doses on p35 

levels that was opposite in direction between adolescent males and females (Fig. 4.7B). 

In adolescent females, nicotine reduced p35 levels in the right VT, while nicotine 

increased p35 levels on both sides in adolescent males. However, there was no effect of 

nicotine on p35 protein levels in adults. These nicotine-induced alterations in CDK5/p35 

signaling may increase the activity of CDK5/p35 in the VT of adolescent males, but 

decrease it in adolescent females, which represents an intriguing sex difference in 

adolescent CDK5 signaling. 
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CDK5 is an important regulator of both dopaminergic and glutamatergic 

signaling, therefore sex differences in the activity of CDK5 in the adolescent VT could 

potentially affect both dopaminergic and glutamatergic signaling. For example, CDK5 

impacts dopamine signaling in the VT through its phosphorylation of tyrosine 

hydroxylase (Moy & Tsai 2004; Kansy et al. 2004) as well as through inhibition of 

dopamine release, possibly through regulation of presynaptic calcium channels (Chergui 

et al. 2004). CDK5 further regulates glutamatergic signaling by increasing endocytosis of 

both the NR2B subunit of the NMDA receptor (Zhang et al. 2008) and AMPA receptors 

(Walkup et al. 2015). 

 

4.5.5 Summary 

We observed an age-dependent and asymmetric response to repeated nicotine 

doses in DARPP-32 Thr34 phosphorylation. More specifically, nicotine increased 

DARPP-32 Thr34 phosphorylation in the left VT of adolescents, but not adults. We also 

found a sex-dependent response to a single nicotine dose in glutamatergic and 

neurotrophic signaling. Both GLUR1 Ser845 phosphorylation and BDNF protein levels 

were increased by a single nicotine dose in the VT of female, but not male mice. Finally, 

we observed an age-dependent response to repeated nicotine injections in CDK5/p35 

signaling. 

The adolescent-specific increase in DARPP-32 Thr34 indicated greater nicotine-

induced PKA signaling (which is associated with reward) in adolescents than adults in 

the VT. This may result in increased rewarding affects of nicotine in adolescents. The 
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sex-dependent increase in GLUR1 Ser845 phosphorylation and BDNF protein levels 

suggests a greater sensitivity to the effects of nicotine on synaptic plasticity in females 

and may also contribute to behavioral sensitization to nicotine in females.  
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CHAPTER 5  

The medial prefrontal cortex exhibits age-specific nicotine-stimulated reductions in 

BDNF in adolescents, as well as sex-specific reductions in Cdk5 activity in females 

 

 

5.1 Abstract 

The medial prefrontal cortex (mPFC) is involved in a variety of drug abuse-

related behaviors, including drug craving and impulsivity. The mPFC continues to 

develop during adolescence, during which adolescents become particularly vulnerable to 

nicotine addiction, as well as showing peaks in impulsive behavior and sensation-

seeking. In order to better understand the effects of nicotine on the adolescent mPFC, we 

measured protein levels of CDK5 and its protein partners p35 and p25, as well as BDNF 

protein levels, in adolescent and adult male and female mice after repeated nicotine 

doses. Both CDK5 and BDNF signaling are involved in neuronal development in the 

mPFC, as well as in drug abuse. We discovered that repeated nicotine doses cause an 

adolescent-specific reduction in BDNF protein in the mPFC, particularly in females. In 

addition, we found that p35 levels were reduced by nicotine in females, but increased in 

males. Finally, we found that p25 levels were significantly reduced by nicotine only in 

adolescent females. These results indicate that neurotrophic signaling in the mPFC is 

more sensitive to nicotine in adolescents than in adults, presumably because the mPFC is 

still developing in adolescents. In contrast, CDK5 signaling is influenced by sex. Both 

CDK5 and BDNF signaling were reduced by nicotine in the mPFC of adolescent females, 

which would have unknown consequences for their future development. 
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5.2 Introduction 

Drug addiction involves the progressive loss of autonomy over the use of an 

addictive substance (Nestler 2005). In addition to sensitization of the motivation to seek a 

drug, compulsive drug use is exacerbated by a failure of executive control and response 

inhibition (Hester et al. 2010). The medial prefrontal cortex (mPFC) is heavily implicated 

in both drug addiction and executive function, and is involved in many reward-related 

behaviors, including reward prediction, decision making, and drug craving (Perry et al. 

2011). Moreover, the mPFC regulates impulsivity, which is a risk factor for drug abuse 

that is increased during adolescent development (Winstanley et al. 2005; Argyriou et al. 

2018). The increased impulsivity and sensation-seeking that is observed during 

adolescence is attributable in part to the ongoing maturation of the prefrontal cortex 

during adolescence (Shulman et al. 2016; Blakemore & Choudhury 2006). Over the 

course of adolescence, there are progressive reductions in the volume of gray matter in 

the prefrontal cortex, as well as an increase in the number of dopaminergic synapses from 

neurons in the VTA (Shulman et al. 2016; O’Donnell 2010). Therefore, cellular signaling 

related to brain development in the mPFC is important to our understanding of adolescent 

drug addiction. 

Multiple lines of evidence suggest that mPFC signaling plays a critical role in the 

process of drug addiction. For example, activity in the mPFC is increased following 

cocaine administration in humans (Kufahl et al. 2005) and rhesus monkeys (Howell et al. 

2002; Howell et al. 2010), as well as in response to drug-associated cues (Kühn & 

Gallinat 2011; Kilts et al. 2004). Moreover, rodents will self-administer cocaine infusions 
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directly into the mPFC (Goeders & Smith 1993) and will lever press for electrical 

stimulation of the mPFC (Mora & Cobo 1991). Lesions of the mPFC reduce cocaine-

induced locomotor sensitization and cocaine self-administration (Tzschentke & Schmidt 

1998; Fuchs et al. 2005; Capriles et al. 2003), an effect which is also observed following 

optogenetic inhibition of mPFC neurons (Stefanik et al. 2013). Further, stimulation of 

mPFC neurons increases VTA dopamine neuron burst firing (Gao et al. 2007), and 

systemic administration of nicotine increases VTA dopamine neuron firing rate in part 

via excitatory feedback from the mPFC to the VTA (Zhang et al. 2012). Infusion of 

BDNF into the mPFC decreases cocaine seeking, however this effect is pathway-specific 

(Giannotti et al. 2018). The beneficial effect of BDNF on cocaine-seeking is mediated by 

the prelimbic cortex (PrL) to NAc pathway but not the PrL to paraventricular thalamic 

nucleus (PVT) pathway, as optogenetic inhibition of the PrL-NAc pathway but not the 

PrL-PVT pathway prevents BDNF-induced decreases in cocaine seeking (Giannotti et al. 

2018). 

In order to better understand age and sex differences in nicotine-induced cellular 

signaling in the mPFC, we administered four doses of either nicotine or saline to groups 

of adolescent or adult male and female mice. 24 h after the last dose of nicotine or saline, 

we dissected the mPFC and measured protein levels of CDK5, p35, p25, and BDNF. 

These proteins were chosen for their involvement in drug abuse and neuronal 

development. For example, CDK5 signaling regulates dopaminergic and glutamatergic 

signaling. Pharmacological inhibition of CDK5 enhances cocaine self-administration 

(Benavides & Bibb 2004; Bibb 2003; Shah & Lahiri 2014). CDK5 signaling is also 
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important for the development of the cortex, regulating neuronal migration, neurite 

outgrowth, and the actin cytoskeleton (Su & Tsai 2011). BDNF is implicated in drug 

abuse, particularly in regulating functional and structural plasticity accompanying drug 

exposure (Russo et al. 2009; Caffino et al. 2018). BDNF signaling is also critical for 

brain development and the formation of synapses (Cohen-Cory et al. 2010). 

Here we show an adolescent-specific decrease in BDNF protein levels in the 

mPFC after repeated nicotine doses. Additionally, we found a sex-specific response of 

p35 protein levels and an age-dependent response of p25 protein levels to nicotine. The 

BDNF response would tend to increase the rewarding properties of nicotine in 

adolescents, while the p35 and p25 response would increase the vulnerability of females 

and adolescents, respectively, to nicotine dependence. 

 

5.3 Materials and Methods 

5.3.1 Animal Subjects 

C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME) 

and bred in our animal facility. Mice were housed in clear plastic cages with cellulose 

fiber bedding on a 12:12 light/dark cycle, with food and water provided ad lib. All mice 

were weaned on postnatal day 21 (Pnd21). Animals included in the “adult” group were 

allowed to mature to at least Pnd90 before their first injection, while mice in the 

“adolescent” group received their first injection on Pnd32. Mice received four injections 

of nicotine bitartrate dissolved in saline (0.5 mg/kg free-base equivalent) or an equivalent 

volume of 0.9% saline. All animal procedures were approved by the George Mason 
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University Institutional Animal Care and Use Committee and were in accordance with 

the guidelines published in the Guide for the Care and Use of Laboratory Animals” that 

was adopted by the NIH. 

 

5.3.2 Tissue Collection 

Mice of each sex (male or female) and age (adolescent or adult) were sacrificed 

by decapitation 24 h after their last injection. Next, the brain was removed from the skull 

with a small spatula and placed into a pre-cooled metal brain matrix (ASI Instruments, 

Warren, MI) with 1 mm slots in the coronal plane. A single edge razor blade was placed 

into the slot of the brain matrix corresponding to Bregma +2, separating the rostral 

portion of the brain containing the mPFC (Franklin & Paxinos 2008). The olfactory bulb 

was removed and mPFC was excised from this rostral portion by making two cuts 1 mm 

lateral to the midline on either side. These medial slices were collected as the mPFC. The 

left and right halves of the mPFC were placed into separate, labeled 1.5 mL 

microcentrifuge tubes, and rapidly frozen in precooled aluminum blocks to be stored at -

80°C. 

 

5.3.3 Protein Extraction and Sample Preparation 

Frozen tissue samples were ground to a fine powder using a mortar and pestle on 

dry ice. The powder was transferred to a labeled 1.5 mL microcentrifuge tube containing 

200 µL of tissue lysis buffer (T-PER lysis buffer; Pierce Biotechnology, Rockford, IL) 

containing the HALT protease and phosphatase inhibitor cocktail (Pierce Biotechnology, 
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Rockford, IL). This solution was sonicated for 12 bursts of 10 sec each, with each burst 

followed by 50 sec on ice. The sonicated solution was then centrifuged at 13,000 rpm for 

15 min at 4°C, the supernatant was transferred to a fresh, labeled microcentrifuge tube, 

and stored frozen at -80°C. The protein concentration of each sample was measured with 

the Pierce BCA protein assay (Fisher Scientific, Waltham, MA). 

 

5.3.4 Western Blots 

Ten µg of protein was mixed with an equal volume of 2x Laemmli buffer (Cold 

Spring Harbor Laboratories 2006), heated to 95°C for 5 mins, and cooled at room 

temperature for 15 min. Each of these samples were loaded on a 5% acrylamide stacking 

gel (pH 6.8), over a 15% acrylamide separating gel (pH 8.8). Additionally, every gel 

included lanes loaded with: (i) a molecular weight standard ranging from 250 to 10 

kiloDaltons (kD) (Page-ruler plus protein ladder, Fisher Scientific, Walham, MA) and, as 

a positive control, triplicate lanes of a pooled hippocampus sample prepared from the 

hippocampuses of two male and two female mice. 

Electrophoresis was performed at 40 mA constant current for 100 min and then 

the electrophoresed samples were transferred to a polyvinylidene fluoride (PVDF) 

membrane for 2 h at 250 mA. The membrane was then cut to remove the portion of the 

membrane that contained the protein of interest for antibody staining; the remainder of 

the membrane was retained for total protein staining. The portion containing the protein 

of interest was blocked by preincubation in 5% non-fat dry milk (Carnation, Nestle USA, 

Rosslyn, VA) in Tris-buffered saline plus Tween 20 (TTBS) for 1 h at room temperature. 
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Next, the membrane was incubated in primary antibody (diluted in 5% non-fat dry milk 

in TTBS) overnight at 4°C. Antibodies used for immunoblotting were CDK5 (Cell 

Signaling Technology #2506S, 1:2000); p35 and p25 (Cell Signaling Technology 

#2680S, 1:1000); BDNF and pro-BDNF (Novus Biologicals #NB100-98682; 1:1000). 

p35 and p25 were distinguished from each other by their molecular weights on western 

blots (Patrick et al. 1999). Additionally, BDNF and pro-BDNF were distinguished from 

each other by their molecular weights on western blots (Leßmann & Brigadski 2009). 

The next day, after 5 x 5 min washes in TTBS, PVDF membranes were incubated 

in secondary antibody conjugated to alkaline phosphatase (Novus Biologicals Goat anti-

rabbit IgG-AP #NBP1-72594, 1:2500) for 1 h at room temperature. Membranes were 

then washed 5 x 5 min in TTBS, 2 x 5 min in distilled water, and finally 3 x 10 min in 0.1 

M carbonate buffer pH 9.8. Antibody-stained bands were visualized by alkaline 

phosphatase chemiluminescence, using the CDP-Star chemiluminescent substrate (Bio-

Rad, Hercules, CA). After a 5 min incubation at room temperature in CDP-Star, PVDF 

membranes were photographed in complete darkness using a cooled CCD camera 

(Tucsen Photonics, Fuzhou, China) set to 25 dB gain and a 21 min exposure time. Images 

were smoothed ("despeckled" to reduce noise) and background-subtracted (with the 

rolling ball method, 50 pixel radius) using ImageJ software (National Center for 

Biotechnology Information, Bethesda, MD). Individual protein bands were quantified 

using Gel Analyzer (Lazar Software, http://www.gelanalyzer.com). 
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5.3.5 Total Protein Staining 

Total protein staining of the portion of the membrane that was not used for 

antibody staining was performed with 0.1% India ink in phosphate-buffered saline (pH 

7.4) with 0.3% Tween 20 (PBST). The membrane was first treated with 180 mM KOH 

for 5 min, then washed 2 x 5 min with ddH2O, and 4 x 10 min washes in PBST. The 

membrane was stained by shaking overnight at room temperature in 0.1% India ink in 

PBST, then washed in ddH2O 3 x 5 min, and allowed to air-dry at room temperature for 1 

h. Stained membranes were photographed with a cooled CCD camera set to 6 dB gain 

and a 10 sec exposure time, with illumination by diffuse visible light (Panelescent night 

lights, Sylvania, Wilmington, MA). Densitometry was performed on the resulting images 

with Gel Analyzer (Lazar Software, http://www.gelanalyzer.com), by integrating the 

optical density (Kruiswijk et al. 1978) of the entire protein lane, staring from the -actin 

band at 42 kD. 

 

5.3.6 Normalization Calculations and Data Analysis 

The chemiluminescence of each antibody-stained band was normalized with the 

following formula: (chemiluminescence) / (integrated optical density of total proteins ≥ 

42 kD in the same gel lane). Normalizing in this way controlled for variation (between 

lanes) in the amount of protein samples that were loaded. In addition, comparison 

between samples from different gels was facilitated by an additional round of 

normalization, in which each of the above normalized chemiluminescence values were 

expressed as a ratio to the similarly normalized signal obtained from a pooled whole 
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striatum control, which was loaded on each gel in triplicate (see previous section entitled 

“Western blots”). 

Data analysis was performed primarily by univariate ANOVAs, which were 

calculated for each antigen with the Statistical Package for the Social Sciences version 22 

(SPSS Inc., Chicago, IL). The between-subjects factors were Antigen (each individual 

protein or phosphorylation site measured), Age (adolescent, adult), Sex (male, female), 

Side of the brain (left, right), and Drug (nicotine, saline). We also performed a repeated 

measures ANOVA of the entire data set. We applied the Greenhouse-Geisser correction 

to data sets that were not spherical, as shown by Mauchly’s W. 

Student's t-tests, and standard error bars were calculated with GraphPad PRISM 

software version 6 (Graphpad Software Inc., San Diego, CA). All t-tests were two-tailed. 

Welch's correction was applied to t-tests in which the variances were significantly 

different, as shown by the F-test. An  value of 0.05 was used to determine statistical 

significance. Within each age and sex group, a t-test was performed for each pair of 

groups that differed by one factor (i.e., left vs. right or nicotine vs. saline). 

 

5.4 Results 

We administered four nicotine or saline doses spaced 48 h apart to adolescent and 

adult male and female mice. 24 h after the final dose, mice were sacrificed and the mPFC 

dissected. We then measured the protein levels of CDK5, p35, p25, BDNF, and pro-

BDNF by western blots. Repeated measures analysis of the resulting data produced an 

effect of Antigen (i.e., the protein of interest) [F2.3,104.5 = 147, p < 10-32]. We also found 
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interactions of Antigen*Drug [F2.3,104.5 = 6.0, p < 0.01], Antigen*Age*Sex [F2.3,104.5 = 

5.0, p < 0.01], and Antigen*Sex*Drug [F2.3,104.5 = 6.8, p < 0.01]. The significant effect of 

Antigen indicated that there were fundamental differences in the expression patterns of 

each of the four proteins measured, and therefore we analyzed each individual protein by 

univariate ANOVA. 

 

5.4.1 BDNF and pro-BDNF levels in the mPFC after repeated nicotine injections 

 

 
Figure 5.1 Protein levels of BDNF (A) and (B) pro-BDNF after repeated nicotine injections.  

Chemiluminescent signals were normalized to total protein levels in the same lane as described in Materials and 

Methods. Whiskers represent minimum and maximum value with a line at the median. Pairwise statistical comparisons 

between nicotine and saline treated samples were performed by t-test: *, p < 0.05. 

 

BDNF expression in the mPFC depended on the sex and age of the mouse. 

Adolescent females displayed higher BDNF levels than adolescent males, but adult 

females had lower BDNF levels than adult males, resulting in an interaction of Age*Sex 

[F1,63 = 13, p < 10-3]. Repeated nicotine doses significantly decreased BDNF levels in 
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adolescents, but not in adults, producing an effect of Drug [F1,63 = 7.3, p < 0.01] and an 

interaction of Age*Drug [F1,63 = 6.9, p < 0.05] (Fig. 5.1A). Repeated nicotine doses 

appeared to decrease BDNF in adult females and increase BDNF in adult males, but 

neither effect was statistically significant. Since infusion of BDNF into the mPFC 

reduces cocaine seeking, reduced BDNF expression in adolescents after nicotine 

exposure may result in increased vulnerability to nicotine dependence. 

In contrast to these results, no change was observed in pro-BDNF protein levels 

after nicotine doses (Fig. 5.1, B). Pro-BDNF is the precursor to BDNF that is 

proteolytically cleaved to produce mature BDNF. Uncleaved pro-BDNF binds to a 

separate set of receptors, such as p75NTR, that tend to oppose the effects of BDNF 

signaling (Kowiański et al. 2018). 

 

5.4.2 Cdk5, p35, and p25 protein levels in the mPFC after repeated nicotine injections 

 



203 

 

 
Figure 5.2 Protein levels of CDK5(A), p35 (B), and p25 (C) after repeated nicotine injections.  

Chemiluminescent signals were normalized to total protein levels in the same lane as described in Materials and 

Methods. Whiskers represent minimum and maximum value with a line at the median. Pairwise statistical comparisons 

between nicotine and saline treated samples were performed by t-test: *, p < 0.05; **, p < 0.01. 

 

Adolescent females displayed higher levels of CDK5 in the mPFC than 

adolescent males, while adult males exhibited higher CDK5 expression than adult 

females (Fig. 5.2A). Univariate ANOVA of these data revealed an interaction of 

Age*Sex [F1,63 = 9.5, p < 0.01], possibly due to the differing effect of sex in adolescents 

vs. adults. When adolescents and adults were tested separately, a significant effect of Sex 

was observed in both adolescents [F1,26 = 5.0, p < 0.05] and in adults [F1,31 = 6.4, p < 

0.05]. However, CDK5 protein levels were not significantly affected by repeated nicotine 
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doses in the mPFC (Fig. 5.2A). Adult males displayed a trend towards increased CDK5 

protein in response to nicotine, however that trend did not reach statistical significance.  

In saline-controls, p35 levels were higher in females than in males, while in 

nicotine-treated samples, p35 levels were higher in males than females. resulting in an 

effect of Sex [F1,67 = 6.8, p < 0.05]) (Fig. 5.2B). Put another way, nicotine doses 

increased p35 levels in males but decreased p35 in females, producing an interaction of 

Sex*Drug [F1,67 = 50, p < 10-8]. Since we observed a significant effect of Sex, we further 

analyzed males and females with separate univariate ANOVAs. We observed an effect of 

Drug in both males [F1,33 = 17, p < 10-3] and females [F1,34 = 35, p < 10-5], indicating that 

both contributed to the overall effect of Drug. Moreover, the interaction of Sex*Drug was 

significant in both adolescents [F1,29 = 15, p < 10-3] and in adults [F1,38 = 40, p < 10-6]. 

Since CDK5 activity is primarily regulated by its protein partners, nicotine-induced 

decreases in p35 expression in females will likely produce reductions in CDK5 activity. 

p35 is cleaved by the calcium-dependent protease calpain to form the p25 subunit 

(Kusakawa et al. 2000). p25 levels were generally higher in adolescents than adults, 

especially in adolescent females, resulting in an effect of Age [F1,67 = 12, p < 0.01] (Fig. 

5.2C). Further, p35 levels in adolescent females were higher than adolescent males, while 

adult females displayed lower p35 levels than adult males, producing an interaction of 

Age*Sex [F1,67 = 11, p < 0.01]) (Fig. 5.2C). When adolescents and adults were tested 

separately, we observed significant effects of Sex in both adolescents [F1,29 = 4.8, p < 

0.05] and in adults [F1,38 = 11, p < 0.01]. Moreover, repeated nicotine doses significantly 

reduced p25 levels in the adolescent female right mPFC, but nicotine appeared to 
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increase p25 in males of both age groups, and had no effect on adult females. These 

effects of nicotine on p25 levels produced interactions of Age*Drug [F1,67 = 4.6, p < 

0.05] and Sex*Drug [F1,67 = 9.5, p < 0.01]. Testing the age groups separately revealed 

interactions of Sex*Drug in both adolescents [F1,29 = 4.9, p < 0.05] and in adults [F1,38 = 

5.4, p < 0.05]. In contrast, we found that the interaction of Age*Drug was significant in 

females [F1,63 = 9.5, p < 0.01] but not in males. The reduction of p25 by nicotine in 

adolescent females may further decrease CDK5 activity during the adolescent female 

response to nicotine. 

 

5.5 Discussion 

In this report, we show an adolescent-specific reduction in BDNF protein levels 

after repeated nicotine doses particularly in females (Fig. 5.1A). Further, we found sex-

dependent changes in the expression of CDK5 signaling components that correlated with 

the age and sex groups that have previously shown the strongest preference for nicotine. 

p35 protein levels were reduced by repeated nicotine doses in females but increased in 

males, while p25 protein levels were reduced only in adolescent females (Fig. 5.2B-C). 

 

5.5.1 BDNF protein levels are reduced by repeated nicotine doses in the adolescent 

mPFC 

We observed and adolescent-specific decrease in BDNF protein levels after 

repeated nicotine doses, but no change in the level of pro-BDNF (Fig. 5.2A-B). Given the 

lack of change in pro-BDNF levels and the activity-dependent proteolytic processing of 
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pro-BDNF to mature BDNF (Nagappan et al. 2009), it is likely that the decrease in 

mature BDNF levels in adolescents is due to a decrease in the secretion and processing of 

BDNF. 

BDNF signaling in the mPFC has important consequences for drug abuse. 

Cocaine produces short-term (45 min  4 h) increases in BDNF expression in the VS, 

VTA, and mPFC (Le Foll et al. 2005; Graham et al. 2007). Similarly, prolonged cocaine 

withdrawal increases BDNF levels in the mPFC (McGinty et al. 2010). However, BDNF 

expression is decreased 24 h after chronic cocaine exposure (McGinty et al. 2010). 

Further, a single infusion of BDNF into the mPFC reduced cocaine seeking in rats 

(Berglind et al. 2007). This effect is dependent on glutamatergic signaling and signaling 

by BDNF through the TrkB receptor, specifically in the prelimbic cortex (PrL) (Go et al. 

2016; Whitfield et al. 2011). The PrL, along with the infralimbic cortex (IL) and anterior 

cingulate cortex, forms much of the mPFC section studied in this report (Jasinska et al. 

2015; Franklin & Paxinos 2008). Therefore, the observed decrease in BDNF protein 

levels in adolescents likely reflects a relative decrease in the activity of the PrL and 

reduced BDNF and glutamatergic signaling. One study by Shi and colleagues found that 

cocaine exposure during adolescence enhances the activity of GABAergic interneurons in 

the PrL, which would decrease the activity of glutamatergic projection neurons, 

supporting this hypothesis (Shi et al. 2019). Moreover, inactivation of PrL neurons 

projecting to the VS using Designer Receptors Exclusively Activated by Designer Drugs 

(DREADDs) blocked BDNF-induced increases in cocaine seeking (Giannotti et al. 

2018).  
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Reductions in BDNF levels in the mPFC during adolescence after nicotine doses 

could reflect decreased inhibitory control over drug-seeking, and potentially an increased 

vulnerability to relapse, as has been observed in some studies (Schramm-Sapyta et al. 

2009). However, the data on this is somewhat mixed, with some animal studies finding 

no effect of age on nicotine reinstatement (Shram et al. 2008). This is likely to be a 

nuanced issue. In human studies adolescents, and adults each displayed a higher 

likelihood to relapse to substance abuse in different situations, i.e. adolescents were more 

likely to relapse than adults as a result of social pressure or to increase a positive affective 

state, while adults were more likely to relapse in response to the presentation of cues or a 

negative affective state (Ramo & Brown 2008). 

 

5.5.2 Repeated nicotine doses reduce the expression of CDK5 activators in females 

CDK5 protein levels were not altered by repeated nicotine doses in the mPFC; 

however, protein levels of the CDK5 activator p35 were reduced in adolescent and adult 

females and increased in males (Fig. 5.2 A-B). Further, p25 levels were decreased by 

repeated nicotine doses specifically in adolescent females (Fig. 5.2 C). Since one of the 

primary factors governing CDK5 activity is the expression of its protein activators 

(Takahashi et al. 2005), these results suggest that CDK5 activity is reduced by nicotine in 

females in the mPFC but increased in males. 

Closely linked to the effect of Cdk5 on the functional plasticity of glutamatergic 

synapses is its effect on dendritic morphology. Conditional knockouts of p35 displayed 

reduced dendritic spine density in the hippocampus and layer V neurons of the cerebral 
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cortex (Mita et al. 2016). In the striatum, Cdk5 is required for increases in medium spiny 

neuron dendritic spine density after cocaine exposure (discussed further below) or wheel 

running (Norrholm et al. 2003; Ruegsegger et al. 2017). However, the specific 

mechanisms through which Cdk5 regulates dendrites are complex. Cdk5 phosphorylates 

multiple targets to positively regulate dendritic spine morphogenesis and dendritic 

branching, including collapsin response mediator protein 1 (CRMP1) (Yamashita et al. 

2007), collapsin response mediator protein 2 (Jin et al. 2016), tropomyosin receptor 

kinase B (TrkB) (Lai et al. 2012), p70 ribosomal s6 kinase 1 (S6K) (Lai et al. 2015), and 

myocyte enhancer factor-2 (MEF2) (Pulipparacharuvil et al. 2008). Furthermore, Cdk5 

can reduce dendritic spine density by promoting spine retraction via an EphA4-ephexin1-

WAVE1-dependent mechanism (Fu et al. 2007; Kim et al. 2006). One plausible 

explanation is that Cdk5 regulation of dendritic spines through one of these pathways is a 

mechanism that mediates observed sex differences in dendritic spine density and 

dendritic morphology in the mPFC (Kolb & Stewart 1991; Garrett & Wellman 2009).  

Our observation of reduced p25 formation in the right mPFC of adolescent 

females also has important implications (Fig. 5.2C). p25 is formed by hydrolysis of p35 

by the calcium-dependent protease, calpain (Cruz & Tsai 2004; Patrick et al. 1999; 

Kusakawa et al. 2000). In particular, p25 generation is linked to calcium influx through 

NR2B-containing NMDA receptors (Seo et al. 2014). Therefore, reduced p25 generation 

following repeated nicotine doses in adolescent females could reflect reduced calcium 

signaling through NR2B receptors in adolescent females (compared to adolescent males 

and adults of both sexes). Interestingly, adolescent females displayed the highest levels of 
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p25 in saline controls, while adult females displayed the lowest p25 levels. This implies 

major developmental differences in calcium signaling in the mPFC of adolescent and 

adult females. These results also mirror those we observed in the ventral striatum (see 

chapter 2), where adolescent females displayed the highest levels of p25 formation and 

adult females the lowest. This suggests that common molecular and developmental 

factors may influence p25 generation in the VS and mPFC of females. 

 

5.5.3 Summary 

We found that BDNF protein levels were significantly reduced in adolescents but 

not adults in the mPFC, but CDK5 signaling components were significantly affected by 

repeated nicotine doses in a sex-dependent manner. The expression of the CDK5 protein 

was developmentally regulated differently in males and females, with adolescent females 

displaying greater CDK5 levels than adolescent males, and adult females displaying 

lower CDK5 levels than adult males. The expression of the CDK5 regulator p35, a prime 

determinant of CDK5 activity, was significantly decreased by repeated nicotine doses in 

females but increased in males. On the other hand, p25, a hydrolysis product of p35 that 

also activates CDK5, was highest in saline control adolescent females but then 

significantly reduced by nicotine. 

These results have important implications for drug abuse. The adolescent-specific 

reduction in BDNF levels that we observed in the mPFC after nicotine doses also 

correlates with the increased preference for nicotine previously observed in adolescents 

(Kota et al. 2007). This reduction in BDNF levels may tend to decrease inhibitory control 
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over drug-seeking in adolescents. In females, the observed decrease in the expression of 

CDK5 activators after nicotine doses suggests that the net CDK5 activity in mice 

responding to nicotine may be lower in females than males. Since CDK5 activity tends to 

limit the post-synaptic effects of dopamine signaling, this implies that nicotine may 

increase the level of dopamine signaling in the mPFC of females. If so, may have 

multiple consequences, because dopamine signaling in the mPFC is implicated not only 

in drug abuse, but also in other risky behaviors (such as impulsivity). 
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CHAPTER 6  

The long-term depression (LTD) response to low-frequency stimulation is reduced 

in the nucleus accumbens during female proestrus 

6.1 Abstract 

Glutamatergic signaling in the nucleus accumbens (NAc) is integral to the 

rewarding effects of drugs of abuse. Processes of synaptic plasticity which affect the 

strength of glutamatergic synapses are also associated with drug abuse. For example, 

chronic cocaine administration induces long-term depression (LTD) of glutamatergic 

synapses in the NAc core. Many important sex differences also exist in synaptic plasticity 

and drug abuse. In order to characterize sex differences and the effect of the estrus cycle 

on synaptic plasticity, we measured the magnitude of long-term potentiation (LTP) and 

LTD in the NAc core in proestrus female, estrus female, and ovariectomized female and 

male mice. We observed a significantly lower magnitude of LTD in the NAc core of 

proestrus female mice compared to males, estrus females, or ovariectomized females. 

However, no difference was observed in the magnitude of LTP. Further, we found that 

the level of the CDK5 activators p25 was significantly lower in proestrus females, than in 

estrus females, ovariectomized females, or males. Estrous cycle-dependent sex 

differences in the expression of LTD in the NAc may be relevant to multiple processes 

mediated by NAc signaling, including previously observed estrous-cycle effects on 

nicotine and cocaine self-administration, sex differences in emotional behavior, and sex 

differences in memory. 
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6.2 Introduction 

Synaptic plasticity refers to processes by which the structure and strength of 

connections between neurons changes with experience. As the frequency of activation of 

a synapse increases or decreases, there can be a concomitant increase or decrease in the 

number or efficacy of connections between neurons. Two general processes which 

underly these changes are long-term potentiation (LTP) and long-term depression (LTD), 

which describe stable increases or decreases in the strength of a synapse respectively 

(Malenka & Bear 2004). LTP and LTD are most commonly found to be present at 

excitatory glutamatergic synapses. There are many different mechanisms that can lead to 

the formation of LTP or LTD; one of the most common forms is NMDAR-dependent 

LTP and LTD, both of which rely on the flow of calcium through NMDA receptors 

(Carroll et al. 2001; Lledo et al. 1998; Lüscher et al. 1999; Malenka & Bear 2004). High 

frequency activation of AMPA and NMDA receptors allows high levels of calcium flow 

into the cell, activating calcium-dependent signaling cascades that lead to the insertion of 

more AMPA receptors into the synaptic membrane and increase the strength of the 

synapse (Lledo et al. 1998; Lüscher et al. 1999). On the other hand, low-frequency 

activation of AMPA and NMDA receptors produces a relatively low amount of calcium, 

which can activate high affinity calcium-sensitive phosphatases that lead to AMPAR 

endocytosis (Bliss & Collingridge 1993; Carroll et al. 2001; Mulkey et al. 1993). 

Glutamatergic signaling is an essential component of drug reward. For example, 

inhibition of AMPA receptors in both the VTA and NAc can reduce cocaine seeking, 

self-administration, and conditioned place preference (Di Ciano & Everitt 2001; Harris & 
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Aston-Jones 2003; Kenny et al. 2009; LaLumiere & Kalivas 2008). Further, cocaine and 

nicotine increase glutamate release in the NAc and VTA (Gipson et al. 2013; Kalivas & 

Duffy 1998; Zhang et al. 2001). 

Processes related to LTP and LTD form an important part of drug reward and 

addiction. A single cocaine exposure can induce LTP at excitatory synapses in the VTA, 

increasing the AMPAR/NMDAR ratio (Ungless et al. 2001). Moreover, genetic knockout 

mice lacking the GluR1 AMPA receptor subunit, which is required for NMDAR-

dependent LTP, display impaired LTP in the VTA and impaired cocaine-conditioned 

place preference (Dong et al. 2004). Repeated cocaine exposure induces LTD in the NAc, 

reducing the AMPAR/NMDAR ratio (Thomas et al. 2001). Further, long-term cocaine 

self-administration does reduce the magnitude of electrically evoked excitatory post-

synaptic potentials (EPSPs) in the NAc core (Martin et al. 2006; Schramm-Sapyta et al. 

2005). 

Many sex differences have been observed in both drug addiction and synaptic 

plasticity. For example, men smoke more cigarettes than women and choose brands with 

a higher nicotine content (Melikian et al. 2007). However, women tend to progress to 

addiction more rapidly than men and report more severe symptoms of withdrawal (Hogle 

& Curtin 2006). Additionally, during quit attempts women are more likely to relapse than 

men (Becker et al. 2017). Animal models have shown that females progress to 

compulsive cocaine intake more quickly than males (Perry et al. 2016), and also self-

administer more nicotine than males (Locklear et al. 2012). Despite these differences, 
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many studies still do not include sex as a biological variable when examining addiction-

related behaviors (Becker et al. 2017). 

Both sex and the presence of sex hormones have important effects on synaptic 

plasticity. Estrogen treatment in the hippocampus enhances the amplitude of individual 

EPSPs and the amplitude of LTP in both male and female mice (Bi et al. 2000; Foy et al. 

2008; Foy et al. 1999; Frick 2015; Smith & McMahon 2006). Males exhibit greater LTP 

than females in the dentate gyrus of the hippocampus (Maren et al. 1994), while females 

exhibited greater LTD (Dursun et al. 2018). The magnitude of LTP in the hippocampus 

also differed during the course of the estrous cycle in females, with proestrus females 

displaying greater LTD than diestrus females (Bi et al. 2001). 

Another factor regulating synaptic plasticity is the kinase CDK5. CDK5 is 

activated by binding to one of its protein partners, including p35 and p25. Inducible 

conditional knockouts of p35 exhibit defective spatial learning, impaired LTD, and 

reduced dendritic spine density in the CA1 region of the hippocampus (Mishiba et al. 

2014). Genetic knockouts of CDK5 and p35 showed impairments in the induction of 

LTD, but their LTP is nearly normal (Mishiba et al. 2014; Hawasli et al. 2007). Rather, it 

appears that inhibition of CDK5 signaling may reduce the threshold for LTP induction 

but does not alter the response to a typical LTP-inducing stimulus (Hawasli et al. 2007; 

Lai & Ip 2009; Wei et al. 2005). This may be due to the role that CDK5 plays in 

glutamatergic synaptic homeostasis, wherein CDK5 tempers high levels of glutamatergic 

signaling (Turrigiano 2008; Sheng et al. 2015). In response to consistently high levels of 

glutamatergic signaling, CDK5 is transiently activated through a calmodulin-dependent 
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mechanism, causing phosphorylation of the bound p35 subunit, and subsequent 

proteasomal degradation of p35 (which reduces CDK5 activity) (Wei et al. 2005; 

Kerokoski et al. 2002).  

Since we observed sex differences in adults in the level of p25 formation in the 

NAc (see Chapter 2), and since LTD is impaired in mice who express an unhydrolyzable 

form of p35 (Seo et al. 2014), we hypothesized that normal adult female mice may 

display a lower magnitude of LTD in the NAc than males. In order to test this, we 

measured the magnitude of LTD and LTP in the NAc core of male mice, ovariectomized 

female mice, and female mice in the proestrus and estrus stages of the estrous cycle. We 

found that the magnitude of LTD in the NAc is reduced in proestrus females, but not 

estrus females, when compared to male mice. No difference was observed in the 

magnitude of LTP elicited by a standard stimulus. We also measured protein levels of 

p35 and p25 in the same mice, and found that p25 levels were significantly lower in 

proestrus females compared to estrus and ovariectomized females. 

 

6.3 Materials and Methods 

6.3.1 Animals 

Male and female C57BL/6J mice were ordered from Jackson Laboratories at 9-

weeks old, followed by 3 weeks of acclimation in our animal facility (at the Krasnow 

Institute). All mice used for experiments were between the ages of 80-95 days old. 

Female mice were tested for the stage of the estrous cycle on the day of the experiment 

by vaginal cytology as described by Byers and colleagues (Byers et al. 2012). 

Ovariectomized female mice were obtained from Jackson Laboratories and also arrived at 
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our animal facility at 9 weeks of age (after being ovariectomized at 8 weeks of age), 

followed by 3 weeks of acclimation in our animal facility. 

 

6.3.2 Slice preparation 

During the first hour of the light phase of a 12 h light-dark cycle, mice were 

anesthetized using isofluorane and their brains removed and submersed into ice-cold 

slicing solution (2.8 mM KCl, 10 mM dextrose, 26.2 mM NaHCO3, 1.25 mM NaH2PO4, 

0.5 mM CaCl2, 7 mM Mg2SO4, and 210 mM sucrose). Using a Leica vibratome, 350 µm 

slices were prepared that contained the ventral striatum. Slices were then transferred with 

a large transfer pipette to the recording chamber and incubated for at least 90 min in 

oxygenated artificial cerebrospinal fluid (aCSF) and then constantly perfused at a rate of 

1 mL/min at room temperature (aCSF is 126 mM NaCl, 2.5 mM KCl, 1.25 mM 

NaH2PO4, 26 mM NaHCO3, 1.3mM MgSO4, 2.4 mM CaCl2). It was equilibrated with 

95% O2/5% CO2 before use. 

 

6.3.3 Extracellular recording 

These methods are adapted from Dang and Schramm (Dang et al. 2006; Schramm 

et al. 2002). A borosilicate glass microelectrode filled with aCSF was placed in the 

nucleus accumbens core region near the anterior commissure. A bipolar tungsten 

electrode was placed within the nucleus accumbens approximately 400 µm away from 

the recording electrode. Excitatory post-synaptic potentials (EPSPs) were evoked by a 

range of stimulations from 200-900 µAmps. For LTP experiments, at least 10 min of 
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baseline responses were recorded at a stimulation level equal to 50% of the maximum 

response every 30 sec. Next, LTP was induced by applying a 100 Hz stimulation for 1 

sec. Finally, the post-induction responses were recorded every 30 sec for 30 minutes. For 

LTD experiments, 10 minutes of baseline responses were recorded by stimulating every 

30 sec at a stimulation level that produced at least a 0.4 mV response. LTD was then 

induced by stimulating at 1 Hz for 10 min. Post-induction responses were recorded every 

30 sec for 30 min. 

 

6.3.4 Statistical Analysis 

All responses were normalized to the average magnitude of the baseline responses 

recorded prior to LTP or LTD induction, and expressed as a percentage of the baseline 

average. Pairwise comparisons between groups of the average magnitude of LTP or LTD 

were performed with the Students t-test. Equality of variance was assessed using the F-

test for equality of variance and Welch’s correction was applied to t-test results if the if 

variances were significantly different. 

 

6.3.5 Tissue Collection 

After recording was completed, the VS was dissected from each brain slice. This 

was accomplished by cutting an inverted “V”, centered on the midline (at a 90° angle) 

that passed just dorsal to both anterior commissures. This inverted “V” shaped slice was 

placed into a labeled 1.5 mL microcentrifuge tube, rapidly frozen in precooled aluminum 

blocks, and stored at -80°C. Great care was taken to make the time between removal from 
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perfusing aCSF and freezing of tissue consistent between samples, as p35 can be cleaved 

to p25 during the process of cell death (Kusakawa et al. 2000). Therefore, the time 

between removal from aCSF to freezing was limited to 1 min. 

 

6.3.6 Protein Extraction and Sample Preparation 

Frozen tissue samples were homogenized in 50 µL of tissue lysis buffer (T-PER 

lysis buffer; Pierce Biotechnology, Rockford, IL) containing the HALT protease and 

phosphatase inhibitor cocktail (Pierce Biotechnology, Rockford, IL). The homogenized 

solution was then centrifuged at 13,000 rpm for 15 min at 4°C, the supernatant was 

transferred to a fresh, labeled microcentrifuge tube, and stored frozen at -80°C. The 

protein concentration of each sample was measured with the Pierce BCA protein assay 

(Fisher Scientific, Waltham, MA). 

 

6.3.7 Western Blots 

Ten µg of protein was mixed with an equal volume of 2x Laemmli buffer (Cold 

Spring Harbor Laboratories 2006), heated to 95°C for 5 min, and cooled at room 

temperature for 15 min. Each of these samples were loaded on a 5% acrylamide stacking 

gel (pH 6.8), poured over a 15% acrylamide separating gel (pH 8.8). Every gel included 

the following additional lanes: (i) molecular weight standards ranging in size from 116 to 

14 kiloDaltons (kD) (EZ-run protein ladder, Fisher Scientific, Walham, MA), (ii) bovine 

serum albumin (BSA) as an additional molecular weight reference, (iii) as a negative 

control sample, mouse skeletal muscle protein extract, and (iv) as a positive control 
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sample, three identical lanes of whole striatum protein extract (a pooled sample from two 

males and two females). Electrophoresis was performed at 40 mA (constant current) for 

100 min, following which the gel was transferred to a polyvinylidene fluoride (PVDF) 

membrane for 2 h at 250 mA (Towbin et al. 1979). The portion of the PVDF membrane 

with the molecular weight standards and BSA was removed and stained with 0.1% 

Amido Black (see below). The membrane was cut at a point corresponding to 40 kD and 

the upper portion of the membrane (containing proteins > 40 kD) was retained for total 

protein staining, while the lower portion (containing proteins < 40 kD) was used for 

antibody staining. The lower portion of the membrane was blocked by preincubation in 

5% nonfat dry milk (Nestle, Soloh, OH) in Tris-buffered saline plus Tween 20 (TTBS) 

for 1 h at room temperature. The primary antibodies were diluted 1000-fold (in 5% 

nonfat dry milk in TTBS). The primary antibody was rabbit anti-p35 and p25 (rabbit IgG 

monoclonal, Cell Signaling Technology, Danvers, MA, catalog # 2680S). p35 and p25 

were distinguished from each other by their molecular weights on western blots (Patrick 

et al. 1999). PVDF membranes were incubated in diluted primary antibody overnight at 

4°C, followed by 5 x 5 min washes in TTBS at room temperature. PVDF membranes 

were then incubated in secondary antibody conjugated to alkaline phosphatase (Novus 

Biologicals Goat anti-rabbit IgG-AP #NBP1-72594, 1:2500) for 1 h at room temperature, 

followed by 5 x 5 min washes in TTBS, 2 x 5 min in distilled water, and finally 3 x 10 

min in 0.1 M carbonate buffer pH 9.8. Antibody-stained bands were visualized by 

alkaline phosphatase chemiluminescence, using the CDP-Star chemiluminescent 

substrate (Sigma-Aldrich, Milwaukee, WI). After a 5 min incubation at room temperature 
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in CDP-Star, PVDF membranes were photographed in complete darkness using a cooled 

CCD camera (Tucsen Photonics, Fuzhou, China) set to 25 dB gain and a 49 min exposure 

time. Images were smoothed ("despeckled" to reduce noise) and background-subtracted 

(with the rolling ball method, 50 pixel radius) using ImageJ software (National Center for 

Biotechnology Information, Bethesda, MD). Individual protein bands were quantified 

using Gel Analyzer (Lazar Software, http://www.gelanalyzer.com). 

 

6.3.8 Total Protein Staining 

Total protein staining of the upper portion of the membrane was performed with 

0.1% India ink in phosphate-buffered saline (pH 7.4) with 0.3% Tween 20 (PBST). The 

membrane was first treated with 180 mM NaOH for 5 min, then washed 2 x 5 min with 

ddH2O, and 4 x 10 min washes in PBST. The membrane was stained by shaking 

overnight at room temperature in 0.1% India ink in PBST, then washed in ddH2O 3 x 5 

min, and allowed to air-dry for 1 h. Stained membranes were photographed with a cooled 

CCD camera set to 6 dB gain and a 10 sec exposure time, while illuminated by diffuse 

visible light (Panelescent night lights, Sylvania, Wilmington, MA). Densitometry was 

performed on the resulting images with Gel Analyzer (Lazar Software, 

http://www.gelanalyzer.com), by integrating the optical density of the entire protein lane 

(Kruiswijk et al. 1978), from the top of the analytical gel down to the bottom of the -

actin band at 42 kD. 

 

http://www.gelanalyzer.com/
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6.3.9 Data Normalization and Analysis 

The chemiluminescence of each antibody-stained band was normalized with the 

following formula: (chemiluminescence) / (integrated optical density of total proteins ≥ 

42 kD in the same gel lane, as defined in the previous paragraph). This normalization 

controlled for variation (between lanes) in the amount of protein samples that were 

loaded. Comparison between samples from different gels was facilitated by a further 

round of normalization, in which each of the above normalized chemiluminescence 

values were expressed as a ratio to the similarly normalized signal obtained from a 

pooled whole striatum control, which was loaded on each gel in triplicate (see previous 

section entitled “Western blots”). The whole striatum control was calculated as follows: 

(p35 chemiluminescence) / (total protein ≥ 42 kD). This additional normalization step 

controlled for variation between blots in antibody staining, chemiluminescent reactions, 

and so on. 

Data analysis was performed primarily by univariate ANOVAs, which were 

calculated with the Statistical Package for the Social Sciences version 22 (SPSS Inc., 

Chicago, IL). The between-subjects factors were Antigen (p35, p25), Sex (male, female) 

and Hormonal_Status (male, female proestrus, female estrus, female ovariectomy). The 

Greenhouse-Geisser correction was not needed, because Mauchly’s W was not 

significant for these data. 

Student's t-tests, and standard error bars were calculated with GraphPad PRISM 

software version 6 (Graphpad Software Inc., San Diego, CA). All t-tests were two-tailed. 

Welch's correction was applied to t-tests in which the variances were significantly 
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different, as shown by the F-test. An  value of 0.05 was used to determine statistical 

significance. 

6.4 Results 

6.4.1 The magnitude of long-term depression in the NAc core is significantly reduced 

during proestrus in female mice 

We measured the magnitude of LTD induced by single-pulse low-frequency 

stimulation in the NAc core in males, estrus-stage females, proestrus-stage females, and 

ovariectomized (OVX) females. Low-frequency stimulation at 1 Hz for 10 minutes 

produced LTD in all observed groups, however the magnitude of LTD was significantly 

lower for proestrus females (~81% of baseline) compared to estrus females (~64%) [t (8) 

= 3.3, p < 0.05], OVX females (~64%) [t (8) = 3.2, p < 0.05], or males (~63%) [t (7) = 4, 

p < 0.01]. 

 

 
Figure 6.1 Long term depression in the NAc core induced by 10 min of 1 Hz stimulation. 

The magnitude of long-term depression (LTD) in males, estrus females, proestrus females, and ovariectomized females. 

Responses are reported as the percentage of the average magnitude of the response during the first 10 min. LTD was 

induced by low-frequency stimulation (LFS) at 10 Hz for 10 min in the NAc core. Whiskers represent minimum and 

maximum value with a line at the median. (a) shows the average response of individual animals at each timepoints 
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during the experiment, while (b) shows the average value for the last 30 minutes. Statistical significance was 

determined by t-test: *, p < 0.05; **, p < 0.01. 

 

We measured the magnitude of LTD induced by single-pulse low-frequency 

stimulation in the NAc core in males, estrus-stage females, proestrus-stage females, and 

ovariectomized (OVX) females. Low-frequency stimulation at 1 Hz for 10 min produced 

LTD in all experiments, however the magnitude of the deviation from baseline was 

significantly lower for proestrus females (81% of baseline ± 3.2%, mean, ± SEM, n = 8) 

compared to estrus females (64% ± 3.9%, mean, ± SEM, n = 8) [t (8) = 3.3, p < 0.05], 

OVX females (64% ± 4.2%, mean, ± SEM, n = 4) [t (8) = 3.2, p < 0.05], or males (62% ± 

2.4%, mean, ± SEM, n = 6) [t (7) = 4, p < 0.01]. 

 

6.4.2 The magnitude of LTP in the NAc core is not affected by sex or estrus stage 

 

 
Figure 6.2 Long-term potentiation induced in the NAc core by 100 Hz stimulation for 1 sec. 

The magnitude of long-term potentiation (LTP) in males, estrus females, proestrus females, and ovariectomized 

females. Responses are reported as the percentage of the average magnitude of the response during the first 10 min. 

LTP was induced by high-frequency stimulation at 100 Hz for 1 sec in the NAc core. Whiskers represent minimum and 

maximum value with a line at the median. (a) shows the average response of individual animals at each timepoints 
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during the experiment, while (b) shows the average value for the last 30 minutes. Statistical significance was 

determined by t-test: *, p < 0.05; **, p < 0.01. 

 

We measured the magnitude of LTP induced by high frequency stimulation (100 

Hz for 1 sec) in the NAc core in males, estrus stage females, proestrus stage females, and 

OVX females. LTP was induced in all experiments, and we did not find any significant 

difference in the magnitude of LTP between males (134% of baseline ± 6.0%, mean, ± 

SEM, n = 6) and estrus females (136% ± 8.5%, mean, ± SEM, n = 8) [t (6) = 0.20, p > 

0.5], OVX females (133% ± 8.9%, mean, ± SEM, n = 4) [t (6) = 0.05, p > 0.9],or 

proestrus females (131% ± 6.7%, mean, ± SEM, n = 8) [t (6) = 0.35, p > 0.7]. 

6.4.3 Expression of p35 and p25 in the VS 

 

 
Figure 6.3 Protein levels of p35 and p25 in Estrus and Proestrus phase females, ovariectomized females (OVX), 

and males.  

Chemiluminescent signals were normalized to total protein levels in the same lane as described in Materials and 

Methods. Whiskers represent minimum and maximum value with a line at the median. Pairwise statistical comparisons 

between nicotine and saline treated samples were performed by t-test: *, p < 0.05; **, p < 0.01. 
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We next measured the protein levels of p35 and p25 in the VS portions of the 

brain slices that we used for electrophysiology. The expression of p35 in the VS was 

significantly greater in females than males, resulting in a significant effect of Sex [F1,22 = 

24, p < 10-5]. However, p35 expression did not differ significantly between OVX 

females, estrus females, or proestrus females when analyzed by t-tests. Proestrus and 

estrus were chosen because they are the stages of the estrous cycle with the highest and 

lowest levels of estrogen respectively (Yoest et al. 2018). These results indicate that the 

level of p35 expression was not affected by estrogen levels, especially given the 

comparison with OVX females. 

On the other hand, p25 levels were significantly lower in females than males, 

resulting in an effect of Sex [F1,22 = 32, p < 10-4]. Moreover, p25 levels were significantly 

lower in proestrus females than estrus females [t (14) = 2.2, p < 0.5] and lower in 

proestrus females than OVX females [t (10) = 3.5, p < 0.01]. Therefore, p25 levels did 

differ across the estrous cycle, in contrast to p35. Since p25 levels were lower in 

proestrus than the estrus females or OVX females, this indicates that higher levels of 

estrogen reduced the cleavage of p35 to form p25. 

 

6.5 Discussion 

Here we show estrogen-dependent effects of the mouse estrous cycle on the 

expression of LTD in the NAc core. The magnitude of LTD induced by 1 Hz stimulation 

for 10 min was almost 50% lower in proestrus females than estrus females, 
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ovariectomized females, or males. On the other hand, the magnitude of LTP was 

unaffected by sex, ovariectomy, or the stage of the estrous cycle. 

6.5.1 Sex differences in synaptic plasticity 

Sex differences in synaptic plasticity have many implications for the functioning 

of the nucleus accumbens. The nucleus accumbens is involved in the processing of 

reward, emotions and goal-directed behaviors (Floresco 2015). The nucleus accumbens 

receives glutamatergic afferents from several brain areas, including the mPFC, the 

hippocampus, and the amygdala (Sesack & Grace 2010), which influence action selection 

on the basis of executive functions, memory, and emotions respectively (Floresco 2015). 

It is likely that sex differences in synaptic plasticity in the NAc could form part of the 

basis of sex differences in these processes. For example, sex differences have been 

observed in emotional behaviors related to related to anxiety, which vary over the course 

of the estrous cycle (ter Horst et al. 2012). Moreover, women are diagnosed with 

depression twice as often as men (Martin et al. 2013). In animal models, the 

susceptibility of female mice to depression-like behaviors is associated with changes in 

gene expression in the NAc (Hodes et al. 2015). Sex can also affect processes related to 

memory. For example, estrogen enhances working memory, but disrupts spatial memory 

(Pompili et al. 2010; Frick & Berger-Sweeney 2001), and the NAc can influence these 

processes (Floresco 2015). 

Our observation of reduced LTD magnitude in proestrus females is likely related 

to sex differences in glutamatergic signaling in the NAc. For example, in previous studies 

proestrus females displayed greater dendritic spine density and a larger proportion of 
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large spines on medium spiny neurons (MSNs) in the NAc than males, particularly in the 

NAc core (Forlano & Woolley 2010). Further, Wissman and colleagues identified a 

rostro-caudal gradient in dendritic spine density in females that was absent in males 

(Wissman et al. 2012). These and other sex differences in dendritic spine density have 

been shown to be sensitive to acute estrogen treatments (Peterson et al. 2015), and sex 

differences in NAc core spine density were abolished by neonatal testosterone exposure 

(Cao et al. 2016). The frequency of spontaneous miniature excitatory post synaptic 

currents (mEPSCs) in the NAc core was also higher in females than in males (Wissman 

et al. 2011). However, in the NAc shell, another study found no sex differences in 

mEPSC frequency (Willett et al. 2016). The specific increase in the number of excitatory 

synapses and excitability of MSNs in the NAc core may be related to the reduced 

magnitude of LTD that we observed in the NAc in proestrus females. Generally, LTD is 

associated with a decrease in the number or size of dendritic spines (Nägerl et al. 2004; 

Zhou et al. 2004), while LTP is associated with an increase in the number of dendritic 

spines (Nägerl et al. 2004), which therefore must be formed and/or retraced on a time 

scale of 10 min or less. Sex differences in the underlying homeostatic processes may also 

influence the formation of LTD. 

 

6.5.2 Factors influencing p25 

In chapter 2, we demonstrated that adult females (but not adolescent females) 

displayed reduced p25 formation compared to males. In this chapter, we show that p25 

generation was affected by the estrous cycle, probably due to the effect of estrogen on 
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p25 generation. The reduced formation of p25 may explain, in part, the reduction in LTD 

magnitude we observed in proestrus females. While p25 is generally considered to be 

neurotoxic (Patrick et al. 1999), low levels of additional (transgenic) p25 expression in 

the hippocampus enhanced LTP and learning in females (Angelo et al. 2003; Fischer et 

al. 2005). Moreover, additional low-level expression of p25 enhanced spatial memory in 

females, but not in males (Ris et al. 2005). Additionally, transgenic mice were tested who 

expressed an unhydrolyzable form of p35, and thus were unable produce p25. These mice 

showed impaired LTD, but no obvious effect on LTP in the hippocampus (Seo et al. 

2014). Taken together, these results suggest that reduced p25 levels in adult females may 

be related to the observed reduction in LTD magnitude in the NAc core of proestrus 

females. 

However, in this chapter, OVX females and estrus females, who experience much 

lower levels of estrogen than proestrus females, still displayed reduced p25 expression 

compared to males. This suggests there are at least two different mechanisms which lead 

to reduced p25 formation in females, one that is estrogen-dependent, and one that is 

estrogen-independent. Numerous sex differences exist that are independent of circulating 

estrogen levels. For example, starting from the early days of embryonic development 

(prior to steroid hormones), gene expression differences can be found between males and 

females, including genes on autosomal chromosomes and those on the X-chromosome 

that are unaffected by X-inactivation (Wolstenholme et al. 2013). In some cases these sex 

differences have been shown to be controlled by the doses of X and/or Y chromosomes, 

independently of circulating sex hormones such as estrogen (Wolstenholme et al. 2013). 
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Therefore, it is likely that such sex differences in gene expression can also influence the 

rate of p25 formation. 

Additionally, the OVX females in this experiment were ovariectomized at 8 

weeks, well after the onset of puberty (Mayer et al. 2010). Therefore, it is possible that 

the previous influence of estrogen affected rates of p25 formation in these mice. Previous 

exposure to sex hormones has been shown to affect the physiology of adult mice. For 

example, castrated adult males did not show increases in dendritic spine density in the 

hippocampus after estrogen treatment (Leranth et al. 2003). However, if the mouse was 

exposed to aromatases perinatally (preventing neonatal brain masculinization by 

testosterone), then in adulthood estrogen treatment did increase dendritic spine density in 

castrated adult males (Lewis et al. 1995). It is therefore possible that the sex hormone 

history of the mouse may affect the expression of estrogen receptors, which could 

influence p25 formation (see below). 

Another point is that the half-life of p25 is much longer than that of p35, and may 

be longer than 24 h (Patrick et al. 1999). Thus, the p25 levels observed during proestrus 

are likely retained from p25 formed during previous stages of the estrus cycle. Whether 

any p25 observed in OVX females could have been retained from before their 

ovariectomy is unclear. 

 

6.5.3 The role of NAc LTD in drug addiction 

Synaptic plasticity in the NAc is implicated in the process of drug addiction. 

Chronic exposure to drugs such as cocaine do induce LTD in the NAc, lowering the 
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AMPAR / NMDAR ratio (Thomas et al. 2001; Martin et al. 2006; Schramm-Sapyta et al. 

2005). Moreover, the expression of LTD in the NAc was required for behavioral 

sensitization to amphetamine (Brebner et al. 2005). Therefore, sex differences in the 

formation of LTD in the NAc are likely to be relevant to observed sex differences in drug 

addiction. Self-administration of both cocaine an nicotine have previously been shown to 

vary depending on the stage of the estrous cycle, with proestrus females displaying fewer 

lever presses for cocaine or nicotine than estrus females (Lynch 2008; Lynch 2009). 

Similarly, in humans, women smoke fewer cigarettes during the follicular (higher 

estrogen) phase than the luteal (lower estrogen) phase of the menstrual cycle (Snively et 

al. 2000). Therefore, both drug consumption and LTD are correlated with the level of 

estrogen during the course of the female reproductive cycle. Given the association of 

behavioral sensitization to drugs of abuse with LTD in the NAc, it is possible that 

estrous-cycle effects on drug consumption may be related to estrous-cycle effects on 

synaptic plasticity in the NAc. 

It is also important to consider the effect of progesterone, which also peaks during 

the proestrus phase, on drug addiction (Yoest et al. 2018). In a study by Allen and 

colleagues, young adult women who smoked before pregnancy, stopped smoking during 

pregnancy, and then resumed after pregnancy were given either a placebo or progesterone 

treatment. Those treated by placebo experienced a significant increase in cigarette 

craving, while those treated with progesterone did not (Allen et al. 2018). In addition, 

estrogen increased the ability of cocaine to stimulate dopamine release in the nucleus 

accumbens via ERα (Yoest et al. 2019), thus stimulating cyclic AMP signaling in 
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medium spiny neurons. However, in an oocyte model system, progesterone (acting 

through the progesterone receptors PGRMC1 and SERBP1) acts to inhibit the formation 

of cyclic AMP by adenylyl cyclase (Guo et al. 2016). Thus, estrogen opposes 

progesterone in this system. 

In the present experiment, the mice were sacrificed during the first hour of the 

light phase (see Materials and Methods). During proestrus, this time is close to (a little 

before) the peak of estrogen levels but progesterone has not yet begun to rise (Becker, 

2005), thus that progesterone signaling did not have a significant effect on the magnitude 

of LTD observed in proestrus females in this study. 

Varying drug consumption and withdrawal symptoms through the estrus cycle 

may help to explain differences between males and females in the level of drug 

consumption even though males and estrus females displayed a similar magnitude of 

LTD. 

 

6.5.4 The role of NAc LTP and increases in the AMPA/NMDA in the ratio in addiction 

On the other hand, an increase in the AMPA/NMDA receptor ratio was observed 

following a protracted withdrawal in cocaine-experienced animals. This increase in the 

AMPA/NMDA receptor ratio was eliminated following cocaine reinstatement (Kourrich 

et al. 2007; Mameli et al. 2009). Increases in synaptic efficacy over the course of 

extended withdrawal may underlie incubation of cocaine craving, which is a model of 

relapse (Grimm et al. 2001). Women experience more and greater symptoms of 

withdrawal than men (Hogle & Curtin 2006). Since genetic knockouts of CDK5 and p35 
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display a reduced threshold for LTP (Hawasli et al. 2007), it is possible that sex 

differences in CDK5 signaling may play a role in this process, and that sex differences in 

the induction of LTP may be observed at lower induction frequencies. If so, then sex 

differences in Cdk5 signaling may contribute to sex differences in withdrawal.  

 

Summary 

We observed a reduced magnitude of LTD in response to low frequency stimulus 

in proestrus stage females, compared to estrus stage females, ovariectomized females, 

and normal males. No difference was observed in the magnitude of LTP between females 

of any stage of the estrous cycle or males. Further, we found that p25 levels were 

significantly lower in proestrus females, compared to estrus stage females and 

ovariectomized females. 

The specific reduction in LTD during the proestrus stage (during which the major 

peak in estrogen levels occurs) has many implications for sex differences in the function 

of the nucleus accumbens. These include sex differences in emotion, reward, and 

memory. For example, LTD in the nucleus accumbens is associated with behavioral 

sensitization to drugs of abuse, for which multiple sex differences have been found 

(Becker et al. 2017). Moreover, the reduction in LTD during proestrus may be related to 

the reduction in p25 formation, as p25 expression in the hippocampus has been shown to 

be important for LTD (Seo et al. 2014). 

The reduction in p25 generation during the proestrus phase of the estrus cycle 

suggests that estrogen may influence the lower levels of p25 observed in females 
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compared to males (see chapter 2). We propose that the mechanism by which estrogen 

affects p25 formation includes the interaction of estrogen receptors with metabotropic 

glutamate receptors (mGluRs) that are expressed in the nucleus accumbens (such as 

mGluR3). Estrogen is able to activate mGluR3, which reduces L-type calcium channel 

currents (Meitzen & Mermelstein 2011), and that could reduce the calcium-dependent 

proteolysis of p35 to p25. Moreover, estrogen interacts with a separate set of mGluR 

receptors in the hippocampus (such as mGluR1), and those receptors activate calcium 

signaling (Rebecchi & Pentyala 2000). The difference in the expression of mGluRs 

between the nucleus accumbens and the hippocampus (Lein et al. 2007) may explain why 

p25 generation appeared to be elevated in the female left hippocampus, quite probably 

also under the influence of estrogen (see chapter 2). 

On the other hand, it should also be acknowledged that the levels of p25 in the VS 

were lower than males even in estrus-stage females (which have very low estrogen 

levels), and in ovariectomized females (which have negligible estrogen levels). This 

indicates that there must be a second mechanism, which is independent of estrogen 

signaling, and influences the rate of p25 hydrolysis in the VS. 
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