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ABSTRACT 

Cigarette smoking is common despite its adverse effects on health, including 

disruptions to endocrine function.  Thyroid hormones may specifically be affected by 

nicotine exposure through cigarette smoke.  The present work begins with a thorough 

analysis of the literature on thyroid hormones, their contribution to cognition and 

synaptic plasticity as well as evidence supporting an interaction between nicotine and 

thyroid signaling.  Cigarette smoking/nicotine may disrupt thyroid function in women of 

reproductive age, heavy smokers, and those prone to thyroid dysfunction due to pre-

existing conditions, and these populations would benefit from careful monitoring of their 

thyroid function.  Nicotine also affects cognition and this may drive both the 

development and maintenance of nicotine addiction.  Acute nicotine enhances 

maladaptive drug-context associations, likely contributing to the development of 

addiction.  The present work evaluates the functional contribution of thyroid receptors 

(TRs) (β and α1) to the effect of acute nicotine on hippocampus-dependent memory using 

a contextual fear conditioning paradigm.  It was hypothesized that TRs would be critical 

for the acute effects of nicotine on contextual fear conditioning.  Mice lacking the TRβ 

and TRα1 gene (KOs) and wildtype littermates (WTs) were administered acute nicotine 

prior to contextual fear conditioning and results indicated the selective involvement of 

TRβ in nicotine-enhanced hippocampus-dependent learning.  Further examination 

confirmed select hippocampal TR activation during nicotine enhancement of 

hippocampus-dependent learning.  Withdrawal from chronic nicotine disrupts cognition, 

leading to continued use and relapse in subjects attempting to quit smoking.  Withdrawal 

from chronic nicotine may induce the development of a hypothyroid condition that could 
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contribute to nicotine withdrawal-related symptoms such as impaired attention and 

memory.  In support, analysis of serum thyroid hormone levels after chronic and 

withdrawal from chronic nicotine treatment revealed that nicotine withdrawal reduces 

thyroid hormone levels.  Normalizing thyroid hormone levels may therefore represent a 

novel therapeutic target for ameliorating nicotine withdrawal-associated cognitive 

deficits.  In support of this, supplemental thyroid hormone not only enhanced contextual 

and cued fear conditioning when administered alone, but also completely abolished 

nicotine withdrawal-associated deficits in contextual fear conditioning.  These results 

suggest that careful monitoring of thyroid function is warranted, especially in subjects 

susceptible to the negative effects of nicotine on thyroid hormone levels, and smoking 

cessation attempts may benefit from successful treatment of thyroid dysfunction.    
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CHAPTER 1 

INTRODUCTION 

Cigarette smoking is common despite documented health risks, such as 

cardiovascular disease, stroke, and cancer (Ockene and Miller, 1997; Swan and Lessov-

Schlaggar, 2007; Hudmon et al., 2010).  Research suggests that drugs of abuse like 

nicotine usurp the neural substrates of learning and memory, leading to long-lasting drug 

seeking behavior that manifests as addiction (Wolf, 2002; Gould, 2006, 2010b), with 

maladaptive memories of drug-context associations leading to sustained drug use and 

relapse.  Nicotine may also modulate some aspects of the endocrine system, such as the 

thyroid system (Kapoor and Jones, 2005).  Since thyroid signaling is important for neural 

development and adult function, nicotine’s effects on thyroid function may directly affect 

learning and memory.  The present dissertation research evaluated the role of thyroid 

hormone signaling on the cognitive effects of nicotine.   

Chapter 2 of this dissertation synthesizes the existing literature on thyroid 

hormone signaling.  Also in this chapter, the contributions thyroid hormones make to 

neural development and adult neural function, synaptic plasticity, and adult cognitive 

function are evaluated.  In addition, the relationship between smoking cigarettes and 

thyroid function is discussed through the lens of epidemiological, behavioral, genetic, 

pharmacological, cellular, and molecular studies.  Subsequently, studies that investigated 

the experimental relationship between nicotine and thyroid function are examined in 

detail.     

In Chapter 3 of this dissertation, the relationship between acute nicotine-enhanced 

hippocampus-dependent memory and thyroid hormone receptor (TR) signaling is 
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examined.  To test this, mice with targeted deletions of the genes encoding TR alpha1 

(TRα1) and beta (TRβ) were administered acute nicotine and tested in contextual and 

cued fear conditioning.  Further, additional analyses were conducted to more fully 

characterize the contribution TR signaling makes to auditory processing and visual-cued 

fear conditioning.  Next, Chapter 3 describes the effects of acute nicotine, hippocampal 

learning, or learning in the presence of acute nicotine on thyroid hormone levels and TR 

activity.  Briefly, Chapter 3 of this dissertation describes the main findings that TRβ was 

selectively involved in the acute effects of nicotine on learning and that hippocampal TR 

activity was selectively increased after learning in the presence of nicotine.  These 

findings identify novel pharmacological targets for therapeutic strategies to combat the 

initiation of smoking behavior that leads to addiction. 

Chapter 4 of this dissertation evaluates the effects of chronic nicotine and 

withdrawal from chronic nicotine administration on circulating thyroid hormone levels in 

C57BL/6J mice using enzyme-linked immunosorbent assays (ELISAs).  Previously, 

epidemiological studies examined the association between chronic cigarette smoking and 

thyroid function (Schlienger et al., 2003; Wiersinga, 2013).  However, these results were 

inconsistent and conditions were not experimentally controlled.  Only recently has 

smoking cessation been evaluated for its association with thyroid hormone dysfunction 

(Carle et al., 2012).  The data obtained from the experiments discussed in this chapter 

describe how withdrawal from chronic nicotine decreased secreted hormone levels, and 

produced a hypothyroid condition that may have contributed to cognitive deficits.  

Further, Chapter 4 describes evidence that thyroid hormone supplementation not only 

enhanced hippocampus-dependent and hippocampus-independent memory, but also 
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completely abolished cognitive deficits associated with nicotine withdrawal.  These 

results could lead to pharmacological therapies for subjects with cognitive deficits related 

to nicotine withdrawal. 

  It is the goal of this dissertation to provide supportive evidence for a direct link 

between nicotine, learning, and thyroid hormone signaling.  This link should be further 

investigated because of the possible implications for smoking cessation therapies that 

may benefit from proper management of thyroid function.  
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CHAPTER 2 

THYROID HORMONE SIGNALING: CONTRIBUTION TO NEURAL FUNCTION, 

COGNITION, AND RELATIONSHIP TO NICOTINE 

Introduction 

A large portion of the population is affected by some form of thyroid disorder, 

and this can have effects on cognitive function.  Some estimates place the percentage of 

the population with a thyroid disorder at 10% (Muller et al., 1995).  The thyroid hormone 

signaling system is required for proper neural formation (Iglesias et al., 1996; Thompson 

and Potter, 2000) and low thyroid hormone levels during gestation can contribute to 

impaired cognitive development (Pop et al., 1999; Pop et al., 2003).  Additionally, 

thyroid dysfunction during adulthood is associated with altered cognitive processes and 

mental disorders such as major depressive disorder (Mistry et al., 2009).  Thyroid 

function is often implicated in developmental disorders such as cretinism (Mistry et al., 

2009; Cheng et al., 2010) and metabolic disorders (Smith et al., 2002).  In addition to 

thyroid function being critical for development, thyroid hormone receptors (TRs) 

continue to be expressed in the adult brain and have an array of effects that could 

contribute to adult neural functioning, synaptic plasticity, and cognition.  
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________________________________________________________________________ 

Table 1: Glossary of key terms. 

 

________________________________________________________________________ 

Thyroid function can be modulated by multiple factors (Koibuchi and Iwasaki, 

2006) and an increasing amount of evidence suggests that cigarette smoking can alter 

thyroid function (Kapoor and Jones, 2005).  Currently, little is known about how 

cognition is affected by cigarette smoking/nicotine-induced thyroid alterations.  Nicotine 

is an addictive drug that has been used throughout history and across the world.  Nicotine 

has low reinforcing properties (Henningfield and Goldberg, 1983), suggesting that 

nicotine possesses other unique qualities that contribute to its high rate of use.  Some 

examples may include the effects of nicotine on attention, learning and memory, and/or 

anxiety (Gould, 2010a; Gould and Leach, 2013).  For instance, the ability of nicotine to 

facilitate maladaptive associations could contribute to context-evoked cigarette cravings 

(Gould, 2006).  In contrast, chronic cigarette smoking/nicotine use is associated with 
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deficits in cognitive function (Durazzo et al., 2010).  Specifically, longitudinal studies 

have identified negative consequences of chronic cigarette smoking on cognition and 

memory (Richards et al., 2003; Sabia et al., 2008).  Further, research suggests there is an 

association between cigarette smoking and impaired cognitive control later in life (for 

review see Poorthuis et al., 2009).  In support of a role of nicotine in these long-lasting 

cognitive deficits, adolescent nicotine exposure in rodents caused long-lasting disruptions 

in attention and memory (Counotte et al., 2009; Mateos et al., 2010; Portugal et al., 

2012a).  Deficits in cognitive processes brought on by chronic and withdrawal from 

smoking and nicotine use may contribute to continued use as an attempt by negatively 

affected individuals to return to baseline levels of cognition (Gould and Leach, 2013).  It 

is possible that nicotine alters thyroid function, and this may underlie some of its 

cognitive effects. 

In this review, epidemiological, behavioral, genetic, pharmacological, cellular, 

and molecular studies will be examined to understand the thyroid hormone signaling 

system.  This review will also describe how thyroid signaling contributes to synaptic 

plasticity, learning, and memory.  Next, this review will evaluate the association between 

the effects of nicotine and thyroid hormone signaling in adulthood and during 

development.  Finally, the interaction between nicotine and thyroid on synaptic plasticity, 

learning and memory will be discussed. 

Thyroid Hormone 

Hormone Regulation and Synthesis 

Modulation of thyroid secretion is complex and involves several important 

hormones.  First, thyrotropin releasing hormone (TRH) is produced in the hypothalamus, 
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which stimulates the pituitary to release thyroid stimulating hormone (TSH) (Fliers et al., 

2006; Chiamolera and Wondisford, 2009).  Subsequently, TSH acts on receptors in the 

thyroid to stimulate thyroid hormone synthesis and secretion (Harris et al., 1978).  

Therefore, lower levels of TSH results in less secretion of hormone from the thyroid into 

the bloodstream (Razvi et al., 2010).  Thyroid hormones negatively regulate the 

expression of both TRH and TSH (Costa-e-Sousa and Hollenberg, 2012), which 

completes the regulatory feedback loop of the hypothalamic-pituitary-thyroid (HPT) axis.  

Because TSH levels are suppressed by thyroid hormones, an inverse relationship exists 

where elevated TSH usually indicates lower (hypo) thyroid function.  It is because of this 

relationship that TSH is often used as a clinical measure of thyroid status.  Thyroid 

hormones are synthesized within thyroglobulin molecules (Marino and McCluskey, 

2000).  Thyroglobulins are large globular proteins found exclusively in the thyroid that 

are each able to synthesize up to 5 thyroid hormone molecules (Marino and McCluskey, 

2000).  Thyroglobulin provides a scaffold on which the amino acid tyrosine can be 

iodinated by thyroid peroxidase, and two of these di-iodinated tyrosines are coupled 

together to form the inactive form of thyroid hormone, thyroxine, commonly referred to 

as T4 (Nussey and Whitehead, 2001).   

Hormone Activation and Transport 

Thyroid hormones are transported throughout the bloodstream on carrier 

molecules, including thyroxine-binding globulin (TBG), transthyretin, and albumin, with 

TBG carrying the most hormone (Schussler, 2000).  Prior to being activated, hormone 

must be cleaved from TBG and then the hormones are described as “free” thyroid 
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hormone, which accounts for ~0.02% of the total hormone supply (Schussler, 2000).  

Deiodinase enzymes activate and deactivate thyroid hormones by removing iodine 

molecules, which alters their metabolic activity.  Deiodinases 1 and 2 activate thyroid 

hormone by converting T4 to tri-iodothyronine (T3), while deiodinase 3 deactivates 

thyroid hormone by converting T3 to di-iodothyronine (T2) (Gereben et al., 2008).  

Approximately half of the T4 secreted by the thyroid gland is deiodinated to T3 by 

deiodinase 1 in the kidney and liver (St Germain et al., 2009).  The remainder of T4 to T3 

conversion occurs via the activity of deiodinase 2, which has a very specific tissue and 

sub-cellular localization.  In most tissues, deiodinase 2 is located in the endoplasmic 

reticulum, providing a long-lasting and proximal T3 presence within the nucleus (Gereben 

et al., 2008).  Neurons, however, lack deiodinase 2 activity but contain thyroid hormone 

receptors (TRs), which can regulate neuronal gene transcription (Cheng et al., 2010).  

Glial cells, on the other hand, contain deiodinase 2, thus providing the necessary T3 for 

thyroid regulation of neuronal function (Guadano-Ferraz et al., 1997; Asteria, 1998).  

Glial cells have traditionally been thought of as playing a supporting role in neural 

function, but recent evidence suggests glial cells are critically involved in cognitive 

processes (Ben Achour and Pascual, 2010).  It is becoming well accepted that glial cells 

contain receptors and can release chemical signals, or “gliotransmitters” (for review see 

Carmignoto, 2000).  Glial-derived T3 may be another important contributor to neural 

function.     

Recently, an elegant set of studies evaluated the thyroid hormone signaling 

capabilities of glial cells and their relationship to neuronally expressed genes under TR 

control.  Freitas and colleagues (2010) described a two-culture system whereby glial cells 
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and neuronal cells were co-cultured, but separated by a removable membrane between 

the two cell types.  This allowed the introduction of T4 and T3 to glial cells only, neurons 

only, and then in combination to determine effects on T3 regulation of neuronal genes.  

Administration of T4 to the co-culture enhanced T3-mediated neuronal genes in the 

neuronal cells, but had no effect on neurons alone, indicating the critical role glial cells 

play in the response to thyroid hormone.  The authors followed up the in vitro effect in 

vivo by evaluating response to lipopolysaccharide (LPS).  Lipopolysaccharide is known 

to stimulate astrocytic deiodinase 2 activity and reduce neuronal TRH (Fekete et al., 

2004).  Wildtype mice administered LPS exhibited a decrease in TRH, but deiodinase 2 

knockout mice did not, indicating that the effects of T3 in neurons is due to deiodinase 2 

in astrocytes.  These findings lend further support to the idea that deiodinase 2 activity in 

astrocytes increases the conversion of T4 to T3, which can act through TR signaling to 

alter transcription of genes in nearby neurons.  Alterations in neuronal levels of T3 may 

affect learning and memory through its effects on gene transcription.   

Another way to regulate thyroid activity in addition to deiodinase activity is 

through changes in thyroid hormone transporters, which are important for the proper 

localization of thyroid hormones.  Major thyroid hormone transporters include 

monocarboxylate transporter 8 (MCT8), which is critical for T3 transport, and the organic 

anion transporting polypeptides (OATPs), which are critical for T4 transport.  Morte and 

colleagues (2010) investigated the effects of individual and combined mutations in the 

deiodinase 2 and MCT8 genes on transcriptional activity in the cortex of mutant mice.  

The researchers initially subjected cortical tissue from euthyroid (normal thyroid 

hormone levels) and hypothyroid (lower thyroid hormone levels) mice to a microarray 
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analysis of 20,912 unique genes.  They identified over two hundred genes that were 

upregulated in the absence of thyroid hormone (hypothyroidism-induced) and more than 

two hundred genes that were downregulated (hypothyroidism-suppressed) by the lack of 

thyroid hormone.  The researchers followed up some of the positively and negatively 

regulated genes identified by the microarray by analyzing gene expression of a subset of 

T3 responsive genes in mice lacking the genes encoding MCT8, deiodinase 2, or lacking 

both genes.  Interestingly, regardless of the mutation, all mice harboring only one 

mutation (either MCT8 or deiodinase 2) had normal gene expression patterns for all 

genes previously found to be upregulated in the absence of thyroid hormone.  This 

finding indicated that deiodinase 2 activity in the cortex can compensate for the absence 

of MCT8 by converting enough OATP-transported T4 to provide a local source of T3 in 

order to maintain normal expression of hypothyroidism-induced genes.  Similarly, MCT8 

can compensate for the absence of deiodinase 2 by supplying sufficient levels of T3 to the 

cortex for normal expression of hypothyroidism-induced genes.  The hypothyroidism-

suppressed genes, however, were not properly expressed in mice lacking deiodinase 2, 

indicating the inability of circulating T3 to properly regulate this subset of genes. 

Overall, thyroid hormones are controlled by a complex hormone signaling system 

commonly referred to as the HPT axis.  Thyroid hormones are secreted by the thyroid 

gland.  Subsequently, they are activated and transported throughout the body and brain 

where they alter gene product levels in various tissues.  The following sections will 

describe thyroid hormone mechanism of action and its subsequent role in neural function. 
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Thyroid Hormones’ Role in Gene Regulation and Protein Expression 

Thyroid hormones and their receptors constitute a mechanism by which gene 

transcription can be altered in a highly dynamic way.  Thyroid hormone receptors are 

members of the nuclear receptor superfamily that includes the retinoic acid receptors, 

vitamin D3 receptor, and steroid receptors (Gronemeyer et al., 2004).  Thyroid hormone 

receptors bind to specific DNA sequences called thyroid hormone response elements 

(T3REs) consisting of the sequence (A/G)GGT(C/A/G)A.  Thyroid hormone response 

elements occur most often as direct repeats (i.e., two iterations of the same sequence) 

separated by 4 nucleotides.  Thyroid hormone receptors exist in homo- or heterodimeric 

complexes.  Often, retinoic acid receptors will form a complex with TRs to form these 

heterodimers.  Various genes may be differentially controlled by homodimeric TR 

complexes compared to heterodimeric receptor complexes (Wu et al., 2001).  Unlike 

some of the other hormone receptors, TRs are found constitutively bound to DNA with or 

without the hormone present and they recruit different complexes depending on whether 

they are liganded or unliganded.  Thyroid hormone receptors are encoded by two genes 

(α and β) and alternative splicing creates several isoforms of these receptors.  The most 

abundant isoforms of TRs in the brain are TRα1, TRα2, TRβ1 and TRβ2 (Cheng et al., 

2010).  Currently, little is known about the specific isoforms responsible for control of 

specific gene regulation, although recent studies have made progress in this regard (Gil-

Ibanez et al., 2013).  Gene regulation effects of thyroid hormone are carried out through 

epigenetic mechanisms that include the recruitment of co-activators and co-repressors 

that function as histone acetyltransferases and histone deacetylation enzymes (Cheng et 
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al., 2010).  These histone modifications alter the physical structure of DNA making it 

more or less accessible for the transcriptional machinery.   

Generally, unliganded TRs recruit co-repressor complexes of proteins (McKenna 

et al., 1999; Cheng et al., 2010).  The actions of the co-repressors recruit other molecules 

important in gene silencing, such as histone deacetylases.   Histone deacetylases remove 

acetylation marks from histone tails, which generally leads to a decrease in transcription 

of genes in the target region.  When thyroid hormone binds to TRs, it causes a change in 

conformation that leads to the dissociation of the repressor complex and the recruitment 

of an activator complex (Cheng et al., 2010).  The activator molecules subsequently 

recruit histone acetyltransferases, which generally leads to increased transcriptional 

activity (Grunstein, 1997; Kuo and Allis, 1998).  Histone acetyltransferases do not 

always actively transcribe target genes, but they generally encourage transcription to 

begin if/when the proper transcription factors are present (Grunstein, 1997; Kuo and 

Allis, 1998).  In the case of the TRs, co-activator complexes include general transcription 

factors that are responsible for the initiation of transcription of target genes (Cheng et al., 

2010).  Histone acetylation and deacetylation are forms of epigenetic gene regulation 

(i.e., a change in phenotype without an accompanying change in genotype) mechanisms 

that have also been implicated in learning and memory processes (Lubin et al., 2008; 

Miller et al., 2008) and drug addiction (Crepaldi and Riccio, 2009).  The genomic 

mechanism of action of thyroid hormones, via their transcription factor nuclear receptors, 

makes them candidates for inducing epigenetic modifications that affect many processes 

including learning and memory. 
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Thyroid-associated epigenetic mechanisms may regulate N-methyl-D-aspartate 

(NMDA) receptor signaling.  Lee and colleagues (2003) conducted studies in adults with 

normal thyroid function (euthyroid), thyroidectomized (hypothyroid), and 

thyroidectomized rats administered supraphysiological levels of T3 (hyperthyroid).  They 

sought to determine if there were alterations in gene expression in response to thyroid 

deficiency (hypothyroidism) and thyroid excess (hyperthyroidism), by examining the 

gene expression of NMDA receptor subunits (NR1, NR2a, and NR2b).  The authors 

found that hypothyroidism significantly lowered NR1 mRNA expression in the 

hippocampus proper (CA1, CA2, and CA3) and the dentate gyrus (DG) while 

hyperthyroidism produced no change compared to euthyroid controls.  The NR2a subunit 

mRNA expression was unaffected by any treatment and NR2b expression was 

downregulated in the hyperthyroid animals.  This series of experiments indicates 

differential expression patterns of NMDA receptor subtypes in response to hypothyroid 

(decreased NR1 expression), hyperthyroid (decreased NR2b expression), and euthyroid 

states (normal expression of all subunits).  These findings underscore the importance of 

thyroid functioning to intact neuronal signaling, as NMDA receptors are a key 

component of synapses that participate in synaptic plasticity and other learning and 

memory processes.   

Furthermore, thyroid signaling may regulate brain development through changes 

in expression of the reelin gene (Pathak et al., 2010; Sui and Li, 2010; Sui et al., 2010).  

Reelin is a protein critical for proper neuronal migration and cortical layering 

(D'Arcangelo et al., 1995; Curran and D'Arcangelo, 1998; Pathak et al., 2010; Tan et al., 

2010).  Thyroid hormone response elements exist in the reelin gene, and TRs control 
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reelin gene expression (Sui and Li, 2010).  Further, the thyroid hormone control of reelin 

expression was due to epigenetic mechanisms.  Specifically, hormone binding induced 

the recruitment of histone acetyltransferases, encouraging transcription, while the 

absence of thyroid hormone recruited DNA methyltransferases, preventing transcription 

factors from binding (Sui and Li, 2010).  Given the role of reelin in neuronal 

development, and the control of reelin by thyroid hormone, it stands to reason that 

thyroid can influence reelin function during neuronal development.  Reelin is typically 

associated with disorders of development, but the protein is also present in adult neuronal 

tissue (Garcia-Ayllon et al., 2003; Beffert et al., 2005; Chen et al., 2005; Qiu et al., 2006; 

Pujadas et al., 2010) and is implicated in many functions related to synaptic plasticity.  

Reelin gene expression remains under TR control during adulthood, as it was during 

development.  Reelin mRNA and protein were upregulated in the hippocampus after 

systemic or direct hippocampal infusions of T3 (Sui et al., 2010).  Reelin has been 

implicated in both glutamate and acetylcholine signaling.  First, reelin enhanced NMDA 

receptor activation in the adult brain (Qiu et al., 2006), which may be responsible for 

some effects of the thyroid on learning and memory processes.  Briefly, Qiu and 

colleagues (20006) showed that application of recombinant reelin to hippocampal slices 

led to enhanced NMDA receptor-mediated currents, as assessed by field excitatory 

postsynaptic potentials, and elevations in NMDA receptor subunit expression.  There is 

also evidence that reelin is critical for normal cholinergic signaling, as assessed by 

choline acetyltransferase (ChAT) immunoreactivity (Sigala et al., 2007).  Specifically, 

basal forebrain ChAT levels appeared lower in heterozygous reeler mice than wildtype 
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controls (Niu et al., 2008).  Therefore, the effects of thyroid signaling on 

neurotransmission may be mediated in part by reelin. 

Thyroid hormone may directly regulate cholinergic signaling by controlling the 

expression of the gene responsible for the synthesis of acetylcholine, ChAT.  There is 

evidence that transcription of the ChAT gene is under TR control (Quirin-Stricker et al., 

1994).  Specifically, Quirin-Sticker and colleagues (1994) separately transfected glial and 

neuronal cell lines with the human ChAT (hChAT) gene containing individual putative 

T3REs.  The promoter region of the hChAT gene contains a T3RE near the 5’ flanking 

region of the gene that the authors demonstrated was responsive to T3 administration in 

neuronal cells, but not in glial cells.  Furthermore, neurons transfected to produce hChAT 

produced the gene product when administered T3, but not other hormones known to share 

the T3REs, such as retinoic acid and estrogen (Quirin-Stricker et al., 1994).  Thus, 

modulations of thyroid hormone may directly influence cholinergic signaling by 

enhancing acetylcholine synthesis; this could alter behavior dependent on cholinergic 

signaling such as learning and memory. 

Many in vitro and in vivo studies have correlated thyroid hormone signaling with 

ChAT protein expression, especially during development (Juarez de Ku et al., 1994; 

Quirin-Stricker et al., 1994; Sawin et al., 1998; Provost et al., 1999).  Juarez de Ku and 

colleagues (1994) describe the effects of the environmental pollutants polychlorinated 

biphenyls on thyroid function and the resulting alterations in ChAT activity in the 

hippocampus.  In this study, analysis of ChAT, T3 and T4 levels revealed lower ChAT 

levels in the hippocampus and basal forebrain and lower serum T4 levels after 

polychlorinated bisphenol treatment, with a non-significant reduction in serum T3.  
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Additionally, T3 supplementation had no effect while T4 administration ameliorated the 

deficit in hippocampal and basal forebrain ChAT expression.  This particular aspect of 

the study (i.e., efficacy of T4 and not T3) further illustrates the importance of tissue 

specific deiodinase activity, which allows for precise temporal and spatial control of gene 

expression.  Thyroid hormone control of gene and subsequent protein expression are 

important for many metabolic processes including signaling systems critical for learning, 

memory, and synaptic plasticity (i.e., NMDA receptors, reelin, and ChAT).  Thus, the 

ability of thyroid to control gene expression could contribute to cell signaling cascades 

critical for learning and memory. 

Thyroid Hormones’ Effect on Neural Development and Adult Neural Function 

Thyroid hormone is critical for successful brain development.  Specifically, there 

is strong evidence that TRβ signaling is required for normal cerebellar development 

(Portella et al., 2010).  Portella and colleagues described severe morphological and 

proliferative defects in the cerebellum of mice displaying a mutated form of TRβ (TRβ1 

and TRβ2 isoforms), where the hormone binding domain was specifically disrupted.  In 

this mutant model, the receptors retained their DNA-binding domain, so they maintained 

their ability to repress transcription of thyroid hormone responsive genes, but receptor 

activation was severely impaired due to the mutated hormone binding domain.  While 

repressive TRβ disrupts cerebellar development, constitutive TRβ knockout mice showed 

relatively normal cerebellar development.  In mice lacking TRβ completely, the majority 

of thyroid hormone responsive genes were normally expressed (Gil-Ibanez et al., 2013), 
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indicating that other transcription factors maintain control over these genes even in the 

absence of regulation by TRβ.   

In addition to being implicated in cerebellar development, it has been 

demonstrated that thyroid signaling has a critical role in hippocampal development as 

well (Madeira et al., 1992; Gong et al., 2010a; Gong et al., 2010b).  Some of the 

investigations of thyroid signaling on hippocampal development revealed that 

hypothyroidism induced by administration of propylthiouracil (PTU) and an iodine 

deficient diet led to decreased cell survival in the hippocampus (Gong et al., 2010a) and 

decreased nerve fiber numbers (Gong et al., 2010b).  Propylthiouracil inhibits the 

oxidation of iodide to “active iodine”, which is critical for the synthesis of T4, and 

inhibits the action of deiodinase 1, which converts a large portion of T4 to serum T3 

(Zoeller and Crofton, 2005).  A reduction in serum T3 may affect brain hormone levels by 

reducing the amount of T3 that is transported into the brain via MCT8.  Propylthiouracil 

may also reduce the amount of T4 available for deiodination in the brain via deiodinase 2.  

Further support of a role for thyroid hormone in neural development is provided by the 

work of Madeira and colleagues (1992).   The authors evaluated hippocampal sections 

from rats treated with PTU and found that hypothyroidism reduced the volume of the 

pyramidal layer (CA1 and CA3) and reduced the number of pyramidal cells in CA1.    

Pyramidal neurons are critical for learning and memory processes and are the driving 

force of most long-term potentiation (LTP) experiments.  LTP measures cellular synaptic 

plasticity and is the putative model of the cellular basis of learning and memory (Malenka 

and Nicoll, 1999). Therefore, it seems logical that pyramidal neuron dysfunction could 

lead to many learning and memory defects.  
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There is also evidence that TRs regulate adult neurogenesis.  Kapoor and 

colleagues (2010) conducted a series of elegantly designed experiments to determine the 

role TRs play in adult hippocampal neurogenesis.  Mice null for TRα1 demonstrated a 

significant increase in bromodeoxyuridine (BrdU) positive cells (a method used to 

measure mitotic cell division) in the hippocampus compared to wildtype mice, indicating 

a higher rate of cell proliferation.  Conversely, mice that overexpressed TRα1 due to 

TRα2 deletion had significantly reduced BrdU positive cell numbers.  Finally, mice 

harboring a mutation encoding a TRα1 receptor that binds hormone with 10-fold lower 

affinity had significantly reduced levels of BrdU positive cells as well.  All three 

mutations altered levels of neurogenesis, as assessed by co-localization of BrdU positive 

cells with neuronal nuclei.  Specifically, receptor deletion led to increased neurogenesis, 

presumably due to the activity of other transcription factors.  Receptor overexpression 

and receptors with low affinity for thyroid hormone led to decreased neurogenesis, 

presumably due to increased transcriptional repression due to unliganded receptors.  To 

further examine the relationship between TRα1 and neurogenesis, the authors 

administered supplemental thyroid hormone to the mice overexpressing TRa1 and the 

mice containing the TRα1 that binds hormone with lower affinity.  The administration of 

thyroid hormone rescued the deficits in BrdU staining in both mutant strains of mice, 

supporting the idea that unliganded receptors suppress neurogenesis.  These studies 

provide evidence that TRs regulate adult hippocampal neurogenesis and the levels of 

thyroid hormone play a critical role in this process.  It has been suggested that adult 

neurogenesis in the hippocampus is critical for some forms of learning and memory 

(Shors et al., 2002).  This is a potential mechanism whereby intact thyroid signaling plays 
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a crucial role in cognitive processes.  Conversely, TRβ (TRβ1 and TRβ2) knockout mice 

exhibited increased progenitor activity, but did not show increased neurogenesis after 4 

weeks (Kapoor et al., 2011).  This indicates a potential contribution to adult 

neurogenesis, but the relationship is unclear and requires further study.   

Thyroid Hormones’ Effects on Cognition 

Thyroid hormones have long been implicated in learning and memory processes.  

As will be reviewed, changes in thyroid hormone signaling both during development and 

adulthood can disrupt learning and memory.  Further, supplemental thyroid hormone 

treatment can, in certain situations, improve cognition.  Various rodent models have been 

used to determine that a lack of adequate thyroid hormone during development disrupts 

learning and memory processes.  A genetic mouse (hyt/hyt) model of hypothyroidism 

was used by Anthony and colleagues (1993) to examine the effect of congenital 

hypothyroidism on cognitive processes, using the Morris water maze as a behavioral 

measure of learning.  This mouse model expresses intact receptors for thyroid hormone 

signaling, but exhibits a decrease in circulating thyroid hormone.  When trained over 

several days, hyt/hyt mice improved their learning in the water maze task, but were 

slower to find the hidden platform compared to the wildtype strain.  However, a deficit 

was seen in a cued version of the water maze and on day 1 of hidden platform training, 

which suggests a deficit in sensorimotor processing or swimming ability.  Further, the 

difference in water maze performance could be due to deficits in cerebellar functioning in 

hyt/hyt mice rather than a pure hippocampal deficit.  While the specific neural circuitry 

driving the effect remains unclear, the hypothyroid phenotype expressed by these mice 
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led to deficits on a spatial learning and memory task.  The work of Provost and 

colleagues (1999) demonstrated a deficit in the Morris water maze in adulthood after high 

and low levels of polychlorinated bisphenol treatment from gestation through lactation 

(up to postnatal day 15), which significantly reduced T3 and T4 levels at postnatal day 30.  

Even transient periods of reduced exposure to adequate thyroid hormones during 

development can lead to long-lasting effects on cognition (Opazo et al., 2008).  It has also 

been suggested that brief periods of lower thyroid hormone levels in pregnant mothers, 

especially prior to the initiation of fetal production of thyroid hormones, can produce an 

autism-like phenotype in children (Roman, 2007; Sullivan, 2009; Hoshiko et al., 2011; de 

Cock et al., 2012; Roman et al., 2013).     

In addition to thyroid hormone being important during development, 

thyroidectomy-induced hypothyroidism occurring in adulthood produces learning and 

memory impairment as well.  Briefly, both short and long-term spatial working memory 

were disrupted in this “adult-onset” model of hypothyroidism (Alzoubi et al., 2006b; 

Alzoubi et al., 2009).  Additionally, supplemental thyroid hormone abolished the 

hypothyroidism-induced deficits in this model (Alzoubi et al., 2009).  Thyroid disruption, 

either in adulthood or during development, can produce profound neurocognitive 

symptoms, and environmental factors, such as polychlorinated bisphenols and nicotine 

(as will be described later), that contribute to thyroid dysfunction should be identified and 

avoided. 

 Further support of a role for thyroid signaling in learning and memory processes 

comes from studies that administered supplemental thyroid hormone to rodents.  First, 

Smith and colleagues (2002) found enhanced Morris water maze performance in rats 
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administered levothyroxine.  Next, Leach (Chapter 4) demonstrated that levothyroxine 

administered to mice prior to contextual and delay-cued fear conditioning enhanced 

performance in both learning paradigms.  Further, infusion of T3 directly into the 

hippocampus also enhanced contextual and trace-cued fear conditioning (Sui et al., 

2006).  Taken together, these studies reveal that thyroid hormone can directly enhance 

cognitive performance in a variety of hippocampus-dependent (and some hippocampus-

independent) tasks. 

 Supplemental thyroid hormone is also effective at reversing deficits in various 

pharmacological and disease models.  Specifically, levothyroxine reversed scopolamine-

induced deficits in the Morris water maze, suggesting an interaction between 

acetylcholine and thyroid hormone signaling.  Levothyroxine has also demonstrated 

efficacy in reversing amyloid pathology in a mouse model of Alzheimer’s disease, a 

disease characterized by loss of cholinergic function (Fu et al., 2010).  Finally, 

levothyroxine administered to mice experiencing nicotine withdrawal completely 

abolished deficits in hippocampal memory (Leach, Chapter 4).  To determine a potential 

mechanism for the effects of thyroid hormone on learning and memory, Smith and 

colleagues (2002) demonstrated that administration of levothyroxine to rats led to an 

increase in cholinergic activity in the hippocampus, providing evidence of a direct link 

between these two signaling systems.  Cholinergic signaling in the central nervous 

system is important for many cognitive processes (Hasselmo and Bower, 1993; Sarter 

and Bruno, 1997; Hasselmo, 2006) and nicotine signaling through hippocampal nAChRs 

are important for its effects on learning, memory, and synaptic plasticity (for review see 

Gould & Leach, 2013).   
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Genetic alterations of TRα1 function, especially when combined with thyroid 

disruption, disrupt cognition.  TRα1 mutant mice, harboring a mutation rendering TRα1 

highly resistant to thyroid hormone (i.e., 10-fold lower affinity for the hormone) showed 

a deficit in novel object recognition (Venero et al., 2005).  Low-affinity receptors, as 

stated previously, generally repress gene transcription due to their inability to efficiently 

bind hormone and this may create a functionally hypothyroid state.  Interestingly, the 

administration of supplemental thyroid hormone ameliorated the deficit in novel object 

recognition, presumably by overcompensating for the low-affinity receptor binding and 

returning the system to a functionally euthyroid state.  Similarly, Wilcoxon and 

colleagues (2007) evaluated the spatial abilities of TRαo/o mice, which lack all TRα 

isoforms, in a Morris water maze task; the mutants performed identically to wildtype 

mice.  However, TRαo/o mice that were fed an iodine deficient diet with concurrent PTU 

administration, exhibited a striking deficit in Morris water maze performance compared 

to wildtype mice exposed to the same treatments (Wilcoxon et al., 2007), indicating that 

the knockouts were more susceptible to thyroid disruption.  TRα1 knockout mice 

demonstrated normal delay-cued and contextual fear conditioning at 24 hours, but 

showed a deficit in extinction when tested for contextual freezing one week later 

(Guadano-Ferraz et al., 2003), indicating there may be subtle alterations in cognition 

regardless of thyroid hormone status in TRα1 knockout mice.  TRα, and TRα1 in 

particular, are clearly important for thyroid’s effects on cognition, particularly when 

thyroid function is disrupted.  

Similar to results described above, a mouse strain that expresses low-affinity TRβ 

(TRβ1 and TRβ2) also displayed learning deficits.  Mice harboring the low-affinity TRβ 
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exhibited hyperactivity and learned an operant lever pressing task at a slower rate than 

wildtype littermates (McDonald et al., 1998).  The deficit in cerebellar development in 

TRβ mutant mice described previously (Portella et al., 2010) may underlie some of the 

observed behavioral abnormalities in these mice, such as hyperactivity (Waite et al., 

1999).  Similar to the results described above in low-affinity TRα1 mutants, a 

functionally hypothyroid condition is produced by the low-affinity receptor mutant model 

that likely drives the observed cognitive deficits.  When tested under euthryoid 

conditions, complete TRβ knockouts (TRβ1 and TRβ2), showed normal performance in 

several hippocampus-dependent memory tasks, similar to results observed in TRα1 

knockouts described above.  First, they showed normal learning in the Morris water maze 

compared to wildtype controls (Forrest et al., 1996b).  TRβ KO mice also express normal 

levels of contextual fear conditioning and light-cued fear conditioning (Leach, Chapter 

3).  TRβ KO mice did exhibit reductions in auditory cued fear conditioning (Leach, 

Chapter 3), but this was presumably driven by deficient auditory processing observed in 

these mice (Forrest et al., 1996a).  No studies to date have evaluated the effect of thyroid 

disruption on cognition in TRβ knockout mice.  It is possible that inducing thyroid 

dysfunction would reveal deficits in cognitive processes in these mice, similar to those 

observed in TRα1 knockouts.  Similar to TRα1, TRβ function is important for cognition, 

especially when thyroid function at this receptor is functionally disrupted.  Various 

rodent models have been used to study the specific contributions thyroid signaling makes 

to neural development, neural functioning, and cognitive processing (see Table 2 for 

summary).  Thyroid hormone signaling has far reaching effects on cognition.  Through 

the use of TR mutant mice, PTU administration, thyroidectomy, thyroid hormone 
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supplementation, and combinations of the above treatments, intact thyroid signaling has 

been shown to be critical for learning, memory, and cognition.  Thyroid signaling affects 

learning and memory in both hippocampus-dependent and hippocampus-independent 

paradigms, indicating the potential for broad involvement in cognitive processes. 

________________________________________________________________________ 

Table 2: Behavioral effects observed in mice harboring mutations related to thyroid 

function or wildtype rats with thyroid hormone status manipulation.   

 
NOR=Novel Object Recognition, CFC=Contextual Fear Conditioning, MWM=Morris 

Water Maze, WRAM=Water Radial Arm Maze, Operant=lever pressing acquisition.  

________________________________________________________________________  
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Thyroid Hormones’ Effects on Synaptic Plasticity 

Thyroid hormone signaling contributes to short- and long-term synaptic plasticity.  

Thyroidectomies led to profound deficits in paired pulse facilitation (a model of short-

term synaptic plasticity) and increased neurotransmitter release, both of which were 

reversed by thyroid hormone administration (Vara et al., 2002).  This indicates that 

normal thyroid hormone signaling is critical to intact short-term synaptic plasticity.  

Thyroid hormone is critical for the development of hippocampal (CA1) LTP in neonatal 

rats (Niemi et al., 1996).  The work of Gerges and colleagues have demonstrated that 

thyroid hormone is critical for both the early and late phases of LTP (E-LTP and L-LTP, 

respectively) (Gerges et al., 2001; Gerges and Alkadhi, 2004), which are protein 

synthesis-independent and dependent, respectively (Frey et al., 1988).  Further, they 

provided molecular evidence that a reduction in thyroid hormone leads to a reduction in 

phosphorylated levels of the mitogen-activated protein kinase, extracellular-signal 

regulated kinase (ERK1/2) in the hippocampus, which is critical for hippocampus-

dependent learning and memory (Atkins et al., 1998; Selcher et al., 1999; Adams et al., 

2000; Szapiro et al., 2003).  The thyroidectomy-induced disruption in ERK 

phosphorylation correlated with disrupted L-LTP in the specific subregions affected (i.e., 

CA1 had disrupted ERK phosphorylation and L-LTP induction while DG had normal 

levels of both).  Alzoubi and Alkadhi (2007) also determined that thyroidectomized rats 

demonstrated reduced levels of adenylyl cyclase I, calcium calmodulin kinase IV 

(CaMKIV), and phosphorylated and total cyclic adenosine monophosphate response 

element binding protein (CREB).  Furthermore, when hippocampal slices from control 

rats were subjected to LTP protocols, increased levels of phosphorylated (activated) 
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CREB were observed, but hippocampal slices from hypothyroid rats did not show this 

change.  These studies provide further evidence that intact thyroid hormone signaling is 

critical to synaptic plasticity that underlies the molecular basis of learning and memory.   

Another set of studies revealed a significant disruption of LTP in hippocampal 

tissue from rat pups exposed to PTU from gestational day 2 through weaning (Taylor et 

al., 2008), producing a drastic reduction in serum T4 and T3 levels.  In addition to a 

disruption in LTP, there was a corresponding increase in cerebrocortical deiodinase 2 

activity in the animals that received PTU treatment.  While this increased deiodinase 2 

activity was not able to compensate for the deficient LTP, it is of interest that the enzyme 

was upregulated ~6-fold in these animals because it implies a compensatory mechanism 

is in place in the absence of sufficient thyroid hormone (Taylor et al., 2008).  Overall, 

deficient thyroid hormone signaling leads to disrupted synaptic plasticity.   

Interaction between Nicotine and Thyroid 

Nicotine’s Effects on Thyroid Function 

There has been a long standing interest in the effect of nicotine on endocrine 

function and this interest includes putative effects of nicotine on the thyroid hormone 

system (Kapoor and Jones, 2005).  There is a strong association between smoking and 

Grave’s disease, a disorder of severe hyperthyroidism (Bartalena et al., 1989; Prummel 

and Wiersinga, 1993; Bertelsen and Hegedus, 1994; Utiger, 1998; Vestergaard, 2002).  

One interpretation of this association is that smoking may increase thyroid secretion, 

directly contributing to the development of a hyperthyroid state; another is that smoking 

decreases thyroid secretion and that smokers with Grave’s disease smoke in an effort to 
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self-medicate.  In support of the former, several studies demonstrated that smokers had 

higher thyroid hormone levels than non-smokers.  One study demonstrated that smokers 

had higher serum T3 levels, with no difference in serum T4 or TSH (Christensen et al., 

1984), indicating potential hyperthyroidism.  As described previously, the thyroid and 

pituitary contain a negative feedback loop, such that higher levels of thyroid hormones 

act to reduce the release of TSH from the pituitary.  Therefore, TSH is often used as a 

measure of thyroid function (although TSH levels alone do not describe the full range of 

thyroid function).  A second study demonstrated that smokers had higher T4 and lower 

TSH than non-smokers (Fisher et al., 1997), also suggesting hyperthyroidism.  Another 

study demonstrated no difference in serum T3, but significantly lower TSH levels in 

smokers (Ericsson and Lindgarde, 1991), suggesting subclinical hyperthyroidism.  A 

fourth study, only examining TSH levels, found lower TSH in current and former 

smokers compared to never smokers (Asvold et al., 2007), which may have indicated 

subclinical hyperthyroidism.  Additionally, one study identified changes in thyroid 

function including higher free T3 (i.e., hormone cleaved from thyroxine-binding 

globulin), higher free T4, and lower TSH (Vejbjerg et al., 2008).  Further, even brief 

passive/secondhand smoke exposure significantly increased total T3 and free T4 levels 

(Metsios et al., 2007; Flouris et al., 2008).  It is important to note that some studies 

looked specifically at free levels of hormone, while others looked at overall (bound and 

free) levels.  Measurements of free hormone levels are often described as an assessment 

of the readily available hormone; however, total levels of hormone, including those 

bound to TBG, may represent hormone reserves that would be available for substantial 

localized use should the system require it (Schussler, 2000).   
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It is also possible that smoking decreases thyroid secretion, leading to attempts of 

self-medication in patients with Grave’s disease.  One study showed that smoking 

cigarettes decreased T4 levels (Banerjee and Muthu, 1994).  Another study found that 

heavy smokers had reduced levels of T4 and T3 (Sepkovic et al., 1984).  Smoking also 

increased the incidence of hypothyroidism in subjects with Hashimoto’s thyroiditis 

(Fukata et al., 1996), an autoimmune disease characterized by antibodies that develop 

against thyroglobulin and thyroid peroxidase, two molecules critical for thyroid hormone 

synthesis (Pearce et al., 2003).  Similarly, Muller and colleagues (1995) compared 

smokers versus non-smokers in several categories of thyroid function: women who were 

euthyroid, women who were subclinically hypothyroid, and women with overt 

hypothyroidism.  The authors found that subclinical hypothyroid women who smoked 

had significantly higher T3 to free T4 ratios than non-smoking subclinical hypothyroid 

women, driven by a significant decrease in free T4 levels (p<0.05).  Further, hypothyroid 

women who smoked exhibited more severe clinical symptoms of hypothyroidism than 

non-smoking hypothyroid women (Muller et al., 1995).  Further, studies have found that 

smoking increased the rate of hypothyroxinemia (low T4) in women of reproductive age 

(Vanderver et al., 2007), which may adversely affect their children (this will be discussed 

in more detail later in this review).  Maternal smoking during pregnancy may also induce 

a mild iodine deficiency, which indicates a disruption in thyroid function (Hiéronimus et 

al., 2012).  Mild iodine deficiency during pregnancy contributed to long-lasting cognitive 

deficits in children (Bath et al., 2013), presumably due to iodine’s role in thyroid 

hormone synthesis.   
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Finally, a recent report found that smoking cessation was associated with a 

dramatic increase in the risk (i.e., odds ratio of 7.36 and 6.34 for those who quit smoking 

less than 1 year ago or 1-2 years ago, respectively) of developing autoimmune 

hypothyroidism  (Carle et al., 2012), suggesting that withdrawal from chronic nicotine 

may also disrupt thyroid function.  It is possible that smoking cigarettes has differential 

effects based on the population studied, such that individuals who smoke may be 

predisposed to thyroid disruption if they have pre-existing thyroid disease, are women of 

reproductive age, or are heavy smokers.  The positive and negative modulatory effects of 

smoking on thyroid function are summarized in Table 3 and 4. 
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________________________________________________________________________ 

Table 3: Overview of human cigarette smoking and thyroid function studies.   

 

↓=decrease, ↑=increase, ↔=no change, (n.d.)=not determined, fT3=free T3, fT4=free T4 

________________________________________________________________________ 
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Nicotine is the main addictive component of cigarette smoke (USDHHS, 1988), 

but there are also other toxic compounds that are absorbed through smoking.  Non-

nicotine toxins in cigarettes, such as thiocyanate and 2,3-hydroxypyridine, may cause 

disruption in thyroid function (Kapoor and Jones, 2005).  Thiocyanate decreases iodide 

absorption and causes goiter in the absence of sufficient iodine.  Decreased iodide 

absorption directly reduces the capacity of the thyroid to synthesize T4.  2,3-

hydroxypyridine prevents de-iodization of T4, indicating that there may be a reduced 

supply of the active thyroid hormone, T3.  Nicotine seems to have effects on thyroid 

function, but these other components of cigarette smoke may also contribute to changes 

in thyroid function.  The vast number of chemicals found in cigarette smoke makes it 

difficult to determine the specific components responsible for any alterations in thyroid 

activity in human cigarette smokers.  Studies utilizing rodent models are better able to 

elucidate the cause-effect relationship between nicotine and thyroid signaling due to the 

experimental control these models provide.   

Few rodent studies have evaluated the effects of nicotine on adult thyroid 

hormone function.  First, acute nicotine administered to adult male rats did not affect T3 

or T4 levels at any point during a 24 hour period (Cam and Bassett, 1983).  Because 

nicotine may differentially affect subjects with various predispositions (as described 

above), nicotine was evaluated in rodent models of hypothyroidism (thyroidectomy-

induced).  Twice daily injections of nicotine for 4-6 weeks did not affect T4 or TSH 

levels in either euthryoid or hypothyroid adult male rats (Alzoubi et al., 2006b).  

Similarly, Colzani and colleagues (1998) carried out a series of experiments to determine 

the effects of chronic nicotine on thyroid function in male euthyroid, subclinical 
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hypothyroid, and hypothyroid rats.  There was no effect of nicotine on T3, T4, or TSH in 

any of the groups tested.   

________________________________________________________________________ 

Table 4: Overview of studies regarding rodent nicotine exposure and thyroid function.   

 

↓=decrease, ↑=increase, ↔=no change, (n.d.)=not determined, fT3=free T3, fT4=free T4 

________________________________________________________________________  
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Null effects described above may be due to several possibilities.  First, based on 

human association studies, women (particularly those at reproductive age or who have 

subclinical thyroid dysfunction) are at the highest risk for smoking-induced thyroid 

disruption (Muller et al., 1995; Vanderver et al., 2007), whereas men were less likely to 

be affected.  In support of this, de Oliveira and colleagues (2011) found that exposure of 

chronic nicotine to lactating dams significantly lowered maternal free T4, suggesting that 

chronic nicotine may produce a hypothyroid state in these rats.  A second possibility for 

null effects described above is that the doses of nicotine tested were too low to affect 

thyroid function, as human studies suggest that heavy smokers may be at increased risk 

for thyroid dysfunction (Sepkovic et al., 1984).  To address this other possibility, and 

because it is also possible that withdrawal from chronic nicotine may affect thyroid 

function (Carle et al., 2012), Leach (Chapter 4) tested the effects of chronic and 

withdrawal from chronic nicotine on thyroid hormone levels at a dose of nicotine that 

more closely approximates the plasma-nicotine levels observed in heavy smokers (Turner 

et al., 2011; Turner et al., 2013; Wilkinson and Gould, 2013). The results indicated that 

nicotine withdrawal significantly reduced serum T4 levels, and that both chronic and 

withdrawal from chronic nicotine treatment increased the ratio of T3 to T4, indicating 

potential alterations in thyroid hormone function.   

Thorough analysis of the effects of cigarette smoking and nicotine on thyroid 

function reveal some key findings.  Several factors likely contribute to whether cigarette 

smoking alters thyroid function and in what direction.  Individuals with Grave’s disease 

and Grave’s opthalmopathy are more likely to smoke and this may represent an attempt at 

self-medication to reduce high levels of thyroid hormone or it may represent cigarette 
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smoking-induced thyroid hyperfunctionality.  Other factors appear to increase the 

likelihood that smoking will disrupt thyroid function.  These factors include sex, 

particularly women at reproductive age or who have subclinical thyroid dysfunction 

(Muller et al., 1995; Vanderver et al., 2007), heavy smoking (Sepkovic et al., 1984), and 

autoimmune thyroid disease (Fukata et al., 1996).  Additionally, both smoking cessation 

in humans (Carle et al., 2012) and withdrawal from chronic nicotine in mice (Leach, 

Chapter 4) disrupt thyroid function.  Individuals who smoke, or are attempting to quit 

smoking, with any of these potential risk factors would likely benefit from careful thyroid 

monitoring by a health professional. 

Developmental Effects of Cigarette Smoking and Nicotine on Thyroid Function 

Smoking has been implicated in altered thyroid function in adult smokers, yet the 

effects of exposure to cigarette smoking on development may even be more profound.  

Parents who smoke may risk long term neurodevelopmental harm to their children, which 

could translate into deficits in learning, memory, and the synaptic plasticity underlying 

these processes.  While it is important to understand the risk factors and extent to which 

cigarette smoking affects thyroid function in the adult, it is even more critical to 

understand the adverse effects of cigarette smoke on children of smokers because it may 

have long-lasting effects on their quality of life.   

As mentioned previously, smoking during pregnancy induced a mild iodine 

deficiency (Hiéronimus et al., 2012), which may contribute to long-lasting cognitive 

deficits in children (Bath et al., 2013).  Prospective iodine treatment of smoking-induced 

mild iodine deficiency ameliorated negative effects on infant thyroid function 
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(Hiéronimus et al., 2012), which may reduce the risk of adverse cognitive effects in these 

children.  Similarly, a study conducted by Chanoine and colleagues (1991) observed an 

increase in the size of the thyroid in infants born to smoking mothers.  This occurred with 

a corresponding increase in thyroglobulin concentrations in the same infants (Chanoine et 

al., 1991), which has been proposed as a marker of iodine deficiency (Pacini et al., 1984; 

Sava et al., 1986).  Recently, animal studies have begun to elucidate the long-term 

consequences on offspring of mothers exposed to chronic nicotine (Oliveira et al., 2009; 

de Oliveira et al., 2011) and chronic cigarette smoke (Santos-Silva et al., 2013).   

Rodent models have demonstrated that prenatal and perinatal nicotine 

administration disrupted thyroid function.  Oliveira and colleagues (2009) demonstrated 

that nicotine administration to a lactating rat dam produced lower serum free T3 and free 

T4 with higher TSH levels when the pups were examined at 15 days of age.  Interestingly, 

offspring showed lower TSH, free T3, free T4, increased visceral fat and total body 

protein when tested in adulthood.   In this series of experiments, both ages (15 days and 

180 days old) had lower deiodinase 1 levels in the liver (Oliveira et al., 2009).  Recently, 

de Oliveira and colleagues (2011) revealed that exposure of lactating dams to chronic 

nicotine reduced free T3 and free T4 levels in offspring.  The findings from these studies 

revealed short- and long-term detrimental effects of maternal nicotine exposure to thyroid 

function in rats, without the confound of other toxic compounds such as thiocyanate or 

2,3-hydroxypyridine.   

Findings describing the developmental effects of nicotine on thyroid function are 

not entirely consistent.  For instance, one study revealed decreased TSH levels in infants 

whose parents smoke (Meberg and Marstein, 1986), which would suggest a hyperthyroid 
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state.  It is unclear what may underlie these discrepant findings.  Further, rodent studies 

have revealed similar contrary findings to those described above.  Specifically, some 

experiments that administered nicotine to pregnant dams identified no differences in 

thyroid function in the pups (Chen and Kelly, 2005).  These results did, however, reveal 

an increase in the offspring body weights when they were evaluated in adulthood, 

indicating a likely role in offspring metabolism.  However, Chen and Kelly (2005) only 

looked at one developmental timepoint (10 day old pups) and therefore, long-term effects 

on thyroid function after maternal nicotine exposure cannot be ruled out.  Finally, 

contrary to what would be expected from the human literature, offspring of mice 

chronically exposed to tobacco smoke showed no abnormalities in thyroid hormone 

function (Santos-Silva et al., 2013).  Despite these discrepant findings, it seems likely 

that parental nicotine/smoking has severe long-term effects on thyroid hormone function 

of the offspring.   

Maternal cigarette smoking likely affects fetal thyroid function and this may have 

long-term detrimental outcomes to the individual.  Even subtle alterations in thyroid 

hormone function during development can lead to long-lasting deficits in cognition (Bath 

et al., 2013).  Since exposure to adequate levels of thyroid hormones throughout 

development (gestation and beyond) are critical for normal cognitive development 

(Roman, 2007; Opazo et al., 2008; Sullivan, 2009; Hoshiko et al., 2011; de Cock et al., 

2012; Roman et al., 2013), environmental thyroid-disrupting compounds like nicotine 

should be avoided. 
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Nicotine, Thyroid, and Cognition 

Thyroid signaling has an established role in learning, memory, and cognition.  If 

nicotine alters thyroid function, then this may contribute to nicotine’s effects on learning 

and memory.  The interaction between nicotine and thyroid signaling in various rodent 

models have recently been investigated.  Twice daily nicotine for 4-6 weeks reversed a 

deficit in water radial arm maze performance in thyroidectomy-induced hypothyroid rats 

(Alzoubi et al., 2006b).  In the same rat model, thyroidectomies caused impairments in 

LTP and ERK1/2 and CREB phosphorylation (Alzoubi and Alkadhi, 2007) and nicotine 

reversed these deficits as well (Alzoubi et al., 2006a; Alzoubi et al., 2006b; Alzoubi et 

al., 2007).  Nicotine may be acting through the ERK1/2 signaling pathway to ameliorate 

hypothyroidism-induced deficits in LTP, similar to the way nicotine enhances contextual 

conditioning through ERK1/2 signaling (Raybuck and Gould, 2007).  Further, Leach 

(Chapter 4) demonstrated that levothyroxine (L-T4) treatment ameliorated nicotine 

withdrawal-induced deficits in learning, presumably by normalizing the thyroid 

dysfunction described in the previous section.  Overall, nicotine not only reverses 

hypothyroidism-induced deficits in learning and synaptic plasticity, but supplemental 

thyroid hormone reverses nicotine withdrawal-related cognitive deficits as well. 

Recent research has implicated thyroid signaling in the acute effects of nicotine 

on learning.  While acute nicotine and/or learning did not affect serum levels of T3, T4, or 

the T3/T4 ratio, hippocampus-dependent learning in the presence of acute nicotine 

activated hippocampal TRs (Leach, Chapter 3).  Leach (Chapter 3) tested 319 unique 

transcription factors, using transcription factor array technology, and 2 out of 3 “hits” for 

selective effects of nicotine on learning consisted of TR activity (direct repeat 4 and 
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T3RE half-site activity, respectively).  Further, the ability of nicotine to enhance 

contextual learning was abolished in mice lacking TRβ, but was intact in wildtype mice 

and knockout mice lacking TRα1, indicating a selective role of TRβ in nicotine’s effects 

on learning (Leach, Chapter 3).   

Recently, through the use of animal models, a direct link between nicotine and 

thyroid signaling has been established and this effect seems to modulate learning.  

Nicotine reversed hypothyroidism-induced learning-related deficits at the molecular, 

cellular, and behavioral level (Alzoubi et al., 2006a; Alzoubi et al., 2006b; Alzoubi et al., 

2007).  Further, thyroid hormone normalized nicotine withdrawal-induced behavioral 

deficits (Leach, Chapter 4).  Finally, learning in the presence of acute nicotine recruited 

TR activity, and nicotine-augmented learning required intact TRβ signaling (Leach, 

Chapter 3).  An interesting possibility is that acute nicotine increases the supply of 

neuronal T3 by stimulating deiodinase 2 activity in nearby glial cells (Gondou et al., 

1999), which may contribute to observed behavioral effects.  In support of this putative 

relationship, hippocampal astrocytes contain nicotinic acetylcholine receptors (Gahring et 

al., 2004), and thyroid signaling represents a mechanism whereby glial cells may 

contribute substantially to neural function.  This putative model is described in Figure 1.   
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Figure 1: Putative effects of nicotine on thyroid signaling through astrocytes.   

Nicotine binds to nAChRs on astrocytes to stimulate deiodinase 2 (D2) activity.  

Deiodinase 2 converts T4 to T3 in astrocytes and active thyroid hormone passively 

diffuses to nearby neurons.  T3 binds to receptors in the nucleus of target neurons where it 

acts to regulate gene transcription activity. 

________________________________________________________________________ 

Conclusion 

The hypothalamic-pituitary-thyroid axis regulates thyroid signaling that can 

control gene expression in a highly temporal and tissue-specific manner.  In the central 

nervous system, glial-derived deiodinase activity provides active thyroid hormone to 

neurons and controls transcription of developmentally important and plasticity-related 

genes such as NMDA receptor subunits, ChAT, and reelin.  Further, thyroid hormone is 

critical not only during development, but also during adulthood for efficient neural 

signaling and cognition.   

Neuron 

Astrocyte 

Thyroid Signaling 
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Cigarette smoking alters thyroid function, but the direction of the relationship 

may relate to the underlying susceptibilities of the individuals involved.  For instance, 

women of reproductive age, women with subclinical hypothyroidism, heavy smokers, or 

individuals attempting to quit smoking may be at increased risk for hypothyroidism-like 

symptoms.  In contrast, the general population and those with hyperthyroidism may be 

affected by nicotine in the opposite direction (i.e., produce hyperthyroidism-like effects).  

It is also possible that subjects with high basal levels of thyroid hormone, including 

subjects with Grave’s disease, smoke cigarettes to self-medicate, but this supposition 

requires further testing.  Further, cigarette smoking/nicotine administration during 

pregnancy/lactation alters thyroid hormone status of the offspring, which could have 

long-lasting effects on cognition, learning, and memory.   

Nicotine’s interaction with thyroid signaling also has consequences for cognitive 

processes in adulthood.  Specifically, learning in the presence of acute nicotine increased 

TR activity, and intact TRβ was critical for these effects.  Further, nicotine withdrawal-

induced deficits in learning were associated with disrupted thyroid hormone levels and 

deficits were reversed/ameliorated by thyroid hormone supplementation.  Further, 

nicotine reversed/ameliorated hypothyroidism-induced deficits in learning and memory at 

the molecular, cellular, and behavioral level. 

In summary, thyroid function should be clinically monitored in cigarette smokers 

and those interested in quitting smoking, in order to avoid adverse effects on thyroid 

function and cognition.  In addition, during pregnancy, thyroid hormone status should be 

closely monitored in current or former smokers to allow for successful normalization of 
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thyroid function to eliminate the possibility of detrimental effects on the cognitive 

development of their children. 
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CHAPTER 3 

THYROID RECEPTOR INVOLVEMENT IN THE EFFECTS OF ACUTE NICOTINE 

ON HIPPOCAMPUS-DEPENDENT MEMORY 

Introduction 

The development of addiction involves neural and synaptic remodeling, events 

that also occur during normal learning (Kalivas and O'Brien, 2008).  It has been 

suggested that drugs of abuse, such as nicotine, may usurp the learning and memory 

machinery at the neural, cellular, and molecular levels to create maladaptive drug-context 

and drug-cue associations that contribute to addiction (Wolf, 2002; Hyman, 2005; Gould, 

2006; Gould and Leach, 2013).  Such maladaptive learning may create or strengthen 

associations between the subjective effects of nicotine and the spatial and discrete cues 

involved in the drug taking process (i.e., convenience stores, cigarettes, lighters, and 

packaging) leading to continued drug use (Gould, 2010a; Gould and Leach, 2013).  Acute 

nicotine administration in rodents enhanced performance in a variety of hippocampus-

dependent learning and memory tasks (Levin and Rose, 1991; Socci et al., 1995; Gould 

and Wehner, 1999; French et al., 2006; Kenney et al., 2012b).  Identifying the cell 

signaling processes underlying the enhancement of learning and memory by nicotine not 

only advances understanding of learning and memory and addiction but may also identify 

novel targets for the treatment of nicotine addiction and disorders associated with 

cognitive decline. 

While it has been demonstrated that nicotine enhances contextual memory by 

acting at nicotinic acetylcholine receptors in the hippocampus (Davis et al., 2007), it is 

unknown if nicotine is also acting on other systems to modulate learning.  One potential 
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target is the thyroid hormone receptor (TR) signaling system.  Multiple lines of evidence 

suggest that nicotine and/or cigarette smoking may affect endocrine signaling (Kapoor 

and Jones, 2005; Tweed et al., 2012).  Specifically, there is a substantial literature 

describing alterations in thyroid function in current and former smokers (Bertelsen and 

Hegedus, 1994; Schlienger et al., 2003; Wiersinga, 2013).  Smokers generally have 

higher thyroid hormone levels and lower levels of thyroid stimulating hormone (TSH), 

which is typically inversely proportional to thyroid hormone level (Christensen et al., 

1984; Ericsson and Lindgarde, 1991; Fisher et al., 1997; Jorde and Sundsfjord, 2006); 

however, there is also evidence that smoking can decrease thyroid function (Soldin et al., 

2009).  Behavioral and electrophysiological studies in rodents suggest that chronic 

nicotine can abolish hypothyroidism-induced neural deficiencies.  Specifically, chronic 

nicotine ameliorated learning deficits in rats with experimentally-induced hypothyroidism 

(Alzoubi et al., 2006b) and nicotine also reversed hypothyroidism-induced deficits in 

synaptic plasticity (Alzoubi et al., 2006a, 2007).  The hypothyroidism-induced deficit in 

synaptic plasticity was associated with decreases in the activity of learning-related 

molecules such as CREB and ERK1/2 (Gerges and Alkadhi, 2004; Alzoubi and Alkadhi, 

2007).  Chronic nicotine ameliorated the molecular, electrophysiological, and 

behavioral/cognitive disruption caused by induced-hypothyroidism and this may 

represent convergent or compensatory mechanisms of action.  The previously mentioned 

studies reveal an interaction between the effects of nicotine and thyroid function in 

experimentally compromised animal models (i.e., thyroidectomized animals that had 

~50% normal thyroid hormone levels).   
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In addition to direct effects of smoking on thyroid function, second hand exposure 

may also alter thyroid function.  Maternal and paternal cigarette smoking may have 

effects on the thyroid function of their children.  The evidence suggests that children of 

smokers have enlarged thyroids and higher levels of thyroglobulin, a protein that is 

important in the synthesis of the prohormone thyroxine (T4), the secreted form of thyroid 

hormone (Chanoine et al., 1991).  Parental smoking is also associated with higher levels 

of T4 and lower levels of TSH in infants (Meberg and Marstein, 1986).  These studies 

suggest that chronic exposure to nicotine alters thyroid signaling; however, it is not 

entirely clear from these studies if these effects are due to nicotine, or due to other 

components of tobacco smoke, such as thiocyanate (Bertelsen and Hegedus, 1994; 

Wiersinga, 2013).  It is also unclear from human association studies if smoking causes 

alterations in thyroid hormones or if subjects with alterations in thyroid hormones tend to 

smoke cigarettes. 

The effects of acute nicotine on thyroid function and thyroid hormone receptor 

(TR) signaling is largely unknown.  Animal models suggest that acute nicotine 

administration did not directly alter thyroid hormone levels (Cam and Bassett, 1983; 

Huffman et al., 1991), but did reduce TSH levels (Andersson et al., 1988), which is 

usually indicative of higher thyroid hormone levels.  Further, levels of brain thyroid 

hormones may be independent of serum hormone concentrations, and brain TR activity 

may not correspond perfectly to serum hormone levels.  Thus, this study examined if 

acute nicotine-associated changes in thyroid signaling are involved in nicotine-

enhancement of learning, and if disrupted thyroid signaling alters the effects of acute 

nicotine on learning.  Specifically, this study tested: 1) if disrupted TR signaling in 
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knockout mice attenuates the effects of nicotine on hippocampus-dependent learning and 

memory, 2) if acute nicotine and contextual fear conditioning have an effect on serum 

thyroid hormone status, and 3) if hippocampal TR activity, along with other transcription 

factors, is selectively activated by learning in the presence of nicotine.  I hypothesized 

that: 1) TRs would be necessary for acute nicotine-enhanced contextual conditioning, 2) 

acute nicotine and/or hippocampal learning would increase serum thyroid hormone 

levels, and 3) learning in the presence of acute nicotine would increase hippocampal TR 

activity. 

Methods 

Subjects 

Subjects used for phenotyping experiments were male and female TR mutant 

mice (TRβ WT and KO; TRα1 WT and KO) aged 8-12 weeks at start of training.  Mutant 

mice, originally generated by Forrest, Wikstrom and colleagues, were purchased from 

Jackson Laboratories.  TRβ mutants contained a mutation that disrupted transcription of 

the entire TRβ gene (TRβ1 and TRβ2) (Forrest et al., 1996b).  The TRα1 mutation was 

specific for TRα1, such that mutant mice expressed functional TRα2 (Wikstrom et al., 

1998).  Both colonies were backcrossed to parent strain (C57BL/6) for greater than 15 

generations, resulting in mice estimated to be >99.9% genetically identical to C57BL/6 

mice (Conner, 2002). Subjects used for the transcription factor array experiment were 

male C57BL/6J mice (Jackson Laboratories, Bar Harbor ME) 8-12 weeks old at the start 

of training. All mice were maintained in a temperature and humidity controlled vivarium 

with ad libitum access to standard lab chow and water.  Mice were bred, maintained, and 
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tested at Temple University according to NIH guidelines. All procedures were approved 

by the Temple University Institutional Animal Care and Use Committee.  

Apparatus 

Fear conditioning training and contextual fear conditioning testing took place in 

Plexiglas (26.5 x 20.4 x 20.8 cm) conditioning chambers with stainless steel rod grid 

floors (2 mm diameter) spaced 1 cm apart as previously described (Kenney et al., 2010). 

Grid floors were connected to a scrambled shock generator (Med-Associates) that 

delivered 0.57 mA foot shocks. Conditioning chambers, controlled by LabView software, 

were housed inside sound attenuating chambers (Med-Associates, St. Albans, VT). Each 

chamber also contained a house light (4 watt) as well as a ventilation fan that produced a 

constant white noise (65 dB) and provided air circulation. Cued fear conditioning testing 

took place in an altered context. Altered context testing occurred in chambers of a 

different size (20 x 23 x 19 cm) contained within sound attenuating chambers (Med-

Associates, St. Albans, VT) located in a different room from conditioning chambers. The 

altered context chambers differed in construction in that they had aluminum side-walls 

and a flat plastic floor. Additionally, vanilla extract was added within each of the 

chambers to further alter the context.  All chambers were cleaned with 70% ethanol 

before and after each training or testing session. 

Auditory startle testing occurred in sound attenuating chambers using SR-Lab 

Equipment (San Diego Instruments, San Diego, CA).  Mice were constrained to Plexiglas 

cylinders (38mm internal diameter) that contained a shock grid with 7 rods.  The 

cylinders rested on a platform containing an accelerometer attached to a PC running SR-

Lab software.     
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Drug Preparation and Administration 

For all experiments, (-) nicotine hydrogen tartrate (reported as freebase weight) 

was dissolved in physiological saline (Sigma) and all doses were administered at a dose 

volume of 10 mL/kg.  For phenotyping experiments, acute nicotine (0, 0.09, 0.18, or 0.36 

mg/kg) was administered via intraperitoneal injection (IP) to WT and KO mice 5 minutes 

prior to the initiation of training and both testing sessions (context and cued).  For 

analysis of serum thyroid hormone levels and the transcription factor array experiment, 

acute nicotine (0, 0.09, or 0.18 mg/kg) was administered (IP) 5 minutes prior to 

contextual fear conditioning training or to a home cage control.  Nicotine doses are based 

on a dose found to produce plasma nicotine levels similar to those of human smokers 

(Davis et al., 2005). 

Fear Conditioning Training and Testing 

For each nicotine dose, TRβ and TRα1 wildtype (WT) and knockout (KO) mice 

were trained and tested in a combined contextual and cued fear conditioning paradigm 

(Portugal et al., 2012b).  Fear conditioning is a useful tool to assess multiple forms of 

memory and can be conducted in only 2 days, facilitating the examination of acute 

nicotine’s effects on learning.  Briefly, mice were placed into conditioning chambers and 

were allowed to explore for 2 minutes, at which time a conditioned stimulus (CS, white 

noise, 85 dB) was presented continuously for 30 seconds and co-terminated with an 

unconditioned stimulus (US, footshock) lasting 2 seconds.  After the CS-US pairing, a 2 

minute inter-trial-interval elapsed prior to a second CS-US pairing.  Mice were returned 

to their home cages 30 seconds after the second CS-US pairing. 24 hours after 

conditioning, mice were returned to the training context and assessed for freezing for 5 
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minutes.  Freezing to the training context was used as a measure of hippocampus-

dependent contextual memory.  At least one hour after contextual testing, mice were 

placed into the altered context for 6 minutes.  During the initial 3 minutes, altered context 

(pre-CS) freezing was assessed and used as a measure of generalized freezing (Baldi et 

al., 2004).  After the initial 3 minutes, the CS was presented continuously for an 

additional 3 minutes and freezing to the CS was assessed and used to measure 

hippocampus-independent memory for the CS-US association (Phillips and LeDoux, 

1992; Logue et al., 1997).     

In addition to the use of an auditory cue CS, an alternate CS modality, a light-CS, 

was used to assess learning in mice to examine sensory modality specific defects. Light-

CS training and cued testing occurred as previously described except that in place of a 

white noise, the house light was used as the CS.  Additionally, light-CS training and 

testing occurred under low ambient light levels with red filters placed over room lights to 

increase the salience of the CS.  For all experiments, freezing behavior was assessed 

using a sampling procedure of 1 second out of every 10 seconds by researchers blind to 

drug and genotype conditions.  Freezing was defined as lack of all movement other than 

respiration (Blanchard and Blanchard, 1969). Percent freezing was calculated as the 

number of times observed freezing divided by the total number of sampled time points 

expressed as a percent.  

Auditory Startle 

Four weeks following fear conditioning and testing, mice were tested in an 

auditory startle paradigm based on the protocol used by Kazdoba and colleagues (2007).  

Startle testing consisted of a single session beginning with a 5 minute acclimation period. 



 

 

51 

 

Following acclimation, 6 trials each of 500 ms bursts of white noise (0, 70, 80, 90,100, 

110, 120, and 130 dB) were presented. Bursts were presented in a pseudorandom order 

and variable trial interval ranging from 12 to 20 seconds. 

Competition Enzyme Linked Immunosorbent Assay (ELISA) Analyses 

To investigate if acute nicotine significantly altered thyroid hormone levels, 

serum was collected 30 minutes after acute nicotine (0, or 0.18 mg/kg, IP) treatment for 

ELISA (Alpha Diagnostics) analyses that evaluated total levels of T4 (Kit #1100) and 

metabolically active thyroid hormone (tri-iodothyronine,T3, Kit #1700).  Briefly, 

approximately 500 µL blood was collected from the descending vena cava into 

microtainer serum collection tubes (BD) with clot activator and gel separator and tubes 

were immediately inverted 5 times to activate clotting.  Blood was allowed to clot for at 

least 30 minutes before being centrifuged for 5 minutes at 10,000 rpm.  Resulting 

supernatant was collected and stored at -80o C until analysis.  ELISAs were run using 

manufacturer’s recommended protocols.  Briefly, 25 or 50 µL (for T4 and T3 assays, 

respectively) serum were added to 96 well plates previously coated with anti-thyroid 

hormone antibodies.  Then, horseradish peroxidase (HRP) conjugated thyroid hormone 

solution was added to the wells to competitively bind to their respective antibodies for 60 

minutes at room temperature.  Wells were then aspirated and washed 3 times prior to the 

addition of an HRP substrate solution.  Plates were then incubated with HRP substrate 

solution for 15 minutes at room temperature and a blue color developed.  Finally, 50 µL 

stop solution was added and the blue color turned to yellow.  Plates were then read on a 

96 well plate reader (Bio-Rad) at 450 nM.  Absorbance values were inversely 

proportional to thyroid hormone levels.  Using a standard curve, thyroid hormone levels 
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were calculated (interpolated) and graphed.  Also, as a more sensitive measure of thyroid 

hormone status, a T3/T4 ratio was calculated for each animal.  Finally, to determine if 

combined nicotine and fear conditioning selectively altered thyroid hormone signaling, 

ELISA analyses were repeated with the following groups: saline-treated homecage, 

nicotine-treated homecage, saline-treated fear conditioning, and nicotine-treated fear 

conditioning.  

Transcription Factor Array 

Nuclear Protein Extraction 

For experimental groups, mice were administered acute nicotine (0 or 0.09 mg/kg, 

IP) 5 minutes prior to training in the fear conditioning paradigm as previously described, 

except that no auditory cue was used as no effect of nicotine was observed in the KO 

studies.  Saline treated homecage animals were used as controls for these experiments.  

Thirty minutes after training, or an equivalent time after saline homecage treatment, mice 

were sacrificed by cervical dislocation.  Brains were dissected out and bilateral dorsal 

hippocampi were isolated and immediately flash frozen, as prior work has shown that 

acute nicotine works in dorsal hippocampus to enhance learning (Raybuck and Gould, 

2010; Kenney et al., 2012a).  Nuclear protein extraction from hippocampal tissue was 

performed using Panomics Nuclear Extraction Kit (AY2002) according to the 

manufacturer’s whole tissue instructions.  Briefly, hippocampal tissue was homogenized 

in nuclear extraction buffer and centrifuged at 4o C.  The resulting supernatant, which 

contained the nuclear extract, was collected and used for the transcription factor array 

experiments.  Each treatment group consisted of pooled hippocampi from 4 animals to 

obtain sufficient nuclear extract. 
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Transcription Factor Array 

To investigate changes in transcription factor activity, Panomics TranSignal 

protein/DNA Assay Kits (Arrays I, II, III, and V) with spin column separation were used 

(MA1210, MA1211, MA1212, and MA1214, respectively).  Following the 

manufacturer’s instructions, 10 µg of nuclear extract was incubated with a biotin-labelled 

DNA probe mixture.  Protein bound probes were isolated using the spin columns included 

with the kit.  Following isolation of protein-DNA complexes, eluted and labelled probes 

were hybridized to TranSignal membranes (for a total of 319 unique consensus binding 

sites for transcription factor binding) overnight at 42° C.  After hybridization, each 

membrane was transferred from its hybridization bottle to its own container and washed.  

Following washing, membranes were incubated with Streptavidin-horseradish peroxidase 

(HRP) conjugate and allowed to incubate.  Chemiluminescent imaging was used to detect 

signal using a Gel Logic 1500 imaging system and accompanying software (Kodak).  

Statistical Analysis 

For fear conditioning experiments, 2x2 ANOVAs were conducted with genotype 

(WT and KO) and drug treatment (saline or nicotine) as between subjects factors to 

compare the percentage of time spent freezing between WT mice treated with saline, WT 

mice treated with nicotine, KO mice treated with saline, and KO mice treated with 

nicotine for all phases of testing (context, pre-CS, and CS).  Prior to analyses, male and 

female freezing levels were compared across each group to determine if there were sex-

based differences in freezing; there were no differences and therefore, males and females 

were grouped together for statistical analyses.  Bonferroni corrected post-hoc analyses 

were used to determine if nicotine treatment differed from saline treatment in each 
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genotype.  A planned comparison of saline versus nicotine treated WT animals was used 

as a positive control for nicotine’s effects in every study.  For light-cued fear 

conditioning, an unpaired student’s t-test was used to compare WT and KO freezing 

levels and a paired t-test was used to evaluate the efficacy of light-cued fear conditioning 

procedure.  Auditory startle results were analyzed by a 2x8 mixed model ANOVA with 

genotype as a between subjects variable and decibel (dB) as a within subjects variable.  

Bonferroni corrected post hoc tests were used to compare WT to KO at each dB level.  

For the transcription factor array experiment, blots of experimental groups (Sal+FC and 

Nic+FC) were expressed as fold-change over control group (Sal+No FC) and anything 

over 2-fold or under 0.5-fold was considered significant, as per the manufacturer’s 

recommended protocol.   

Results 

Effects of Acute Nicotine on Contextual Fear Conditioning in TRβ and TRα1 Mutant 

Mice 

TRβ WT and KO mice administered acute nicotine (0, 0.09, 0.18, or 0.36, IP) 

were evaluated for nicotine-enhanced fear conditioning (Figure 2).  ANOVA evaluating 

the effect of acute nicotine (0 or 0.09 mg/kg, IP) on freezing to context revealed a 

significant effect of genotype on contextual freezing levels: F(1,43)=5.679, p<0.05; no 

effect of nicotine on contextual freezing levels: p>0.05; and a significant interaction: 

F(1,43)=5.433, p<0.05 (Figure 2A).  Bonferroni corrected post-hoc tests revealed a 

significant effect of nicotine on freezing levels in WT mice (p<0.05), but no effect of 

nicotine on freezing levels in KO mice (p>0.05).  ANOVA on contextual freezing levels 

in TRβ mutant mice treated with nicotine (0 or 0.18 mg/kg, IP) revealed no effect of 
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genotype, nicotine, and no interaction (Figure 2B).  Planned comparison analysis 

revealed a significant effect of nicotine on freezing levels in WT mice (p<0.05), but not 

KO mice (p>0.05).  ANOVA on contextual freezing levels in TRβ mutant mice treated 

with nicotine (0 or 0.36 mg/kg, IP) revealed a significant effect of genotype on freezing 

levels: F(1,23)=10.17, p<0.05; a significant effect of nicotine on freezing levels: 

F(1,23)=9.544, p<0.05; and no interaction (Figure 2C).  Bonferroni corrected post-hoc 

tests revealed a significant effect of nicotine on freezing levels in WT mice (p<0.05), but 

no effect of nicotine in KO mice (p>0.05).  Nicotine consistently enhanced hippocampus-

dependent memory in WT mice across all doses tested.  In contrast, nicotine had no effect 

on hippocampus-dependent memory in TRβ KO mice.   
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Figure 2: The effect of acute nicotine on contextual and cued fear conditioning in TRβ 

mutant mice.   

A) 0 or 0.09 mg/kg, IP.  B) 0 or 0.18 mg/kg, IP.  C) 0 or 0.36 mg/kg, IP.  Nicotine 

consistently enhanced contextual fear conditioning in WT mice but not KO mice (p<0.05 

for all doses).  At one dose (0.18 mg/kg), nicotine increased Pre-CS freezing, but effects 

were not consistent (p<0.05) and did not relate to nicotine’s effects on contextual 

conditioning.  Deletion of TRβ consistently disrupted cued freezing (CS freezing) 

(p<0.05 for all doses).  * indicates p<0.05. 

________________________________________________________________________ 
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To determine if disruption of TRα1 similarly alters acute nicotine-enhanced 

hippocampus-dependent memory, TRα1 WT and KO mice administered acute nicotine 

(0, 0.09, 0.18, or 0.36, IP) were evaluated for nicotine-enhanced fear conditioning (Figure 

3).  For TRα1 mutant mice tested in contextual fear conditioning after acute nicotine (0 or 

0.09 mg/kg, IP), an ANOVA revealed no significant effect of genotype on contextual 

freezing levels; no effect of nicotine; and no interaction (Figure 3A).  Planned 

comparisons revealed no effect of nicotine in WT mice (ps>0.05) on contextual freezing 

levels.  ANOVA of TRα1 mutant mice tested for contextual fear-evoked freezing with a 

2-fold higher dose of acute nicotine (0 or 0.18 mg/kg, IP) revealed no effect of genotype; 

a significant effect of nicotine: F(1,35)=16.45, p<0.05; and no interaction (Figure 3B).  

Bonferroni corrected post-hoc tests revealed a significant effect of nicotine on contextual 

freezing in both WTs and KOs (ps<0.05).  Additionally, ANOVA of TRα1 mutant mice 

tested for contextual fear conditioning after acute nicotine (0 or 0.36 mg/kg, IP) revealed 

no effect of genotype on contextual freezing levels; a significant effect of nicotine on 

contextual freezing levels: F(1,26)=16.80, p<0.05; and no interaction (Figure 3C).  

Bonferroni corrected post-hoc tests revealed a significant effect of nicotine on contextual 

freezing levels in KOs and WTs (p<0.05).  These results revealed a clear dissociation 

between the effects of altered TRα1 and TRβ signaling on nicotine-enhanced 

hippocampus-dependent learning and memory.    
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Figure 3: The effect of acute nicotine on contextual and cued fear conditioning in TRα1 

mutant mice.   

A) 0 or 0.09 mg/kg, IP.  B) 0 or 0.18 mg/kg, IP.  C) 0 or 0.36 mg/kg, IP.  Nicotine had no 

effect in WTs or KOs at 0.09 mg/kg (p>0.05 for both genotypes).  Nicotine enhanced 

contextual fear conditioning in WTs and KOs at 0.18 and 0.36 mg/kg (p<0.05 for all 

comparisons).  Nicotine increased Pre-CS freezing at the highest dose tested (0.36 mg/kg) 

(p<0.05).  Neither nicotine nor genotype had any effect on CS freezing (p>0.05 for all 

comparisons). 

________________________________________________________________________ 
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Effects of Acute Nicotine on Generalized Freezing in TRβ and TRα1 Mutant Mice 

The pre-CS portion (Figure 2 and 3) of fear conditioning testing revealed levels of 

generalized freezing.  ANOVAs comparing TRβ mutant mice treated with 3 different 

doses of nicotine revealed no effect on pre-CS freezing of 0.09 mg/kg nicotine: p>0.05; a 

significant effect of 0.18 mg/kg nicotine: F(1,63)=7.011, p<0.05; and no effect of 0.36 

mg/kg nicotine: p>0.05.  For the 0.18 mg/kg nicotine comparison, Bonferroni corrected 

post hoc tests revealed a significant effect of nicotine in KO mice, but not WT mice.  

Because WT mice showed nicotine-enhanced contextual learning (Figure 2), while KOs 

did not, these data indicate that increased generalized freezing likely did not contribute to 

the observed effects.  In contrast, ANOVA analysis of pre-CS freezing in TRα1 mutant 

mice treated with 3 different doses of nicotine revealed no effect of 0.09 mg/kg nicotine: 

p>0.05; no effect of 0.18 mg/kg nicotine: p>0.05; and a significant effect of 0.36 mg/kg 

nicotine: F(1,19)=24.67, p<0.05.  Bonferroni corrected post hoc tests revealed significant 

effects of nicotine in WT and KO mice.  Overall, there were no dose-dependent effects of 

nicotine on pre-CS freezing and the observed effects were not related to context freezing. 

Effects of Acute Nicotine on Auditory and Light Cued Fear Conditioning in TRβ and 

TRα1 Mutant Mice 

The cued fear conditioning portion of testing (Figure 2 and 3) revealed 

hippocampus-independent effects of drugs and genes, as cued fear conditioning does not 

require a functioning hippocampus (Phillips and LeDoux, 1992).  ANOVA on freezing to 

an auditory cue in TRβ mutant mice treated with nicotine (0 or 0.09 mg/kg, IP) revealed a 

significant effect of genotype: F(1,43)=23.71, p<0.05; no significant effect of nicotine; 
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and no interaction.  ANOVA on freezing to an auditory cue in TRβ mutant mice treated 

with nicotine (0 or 0.18 mg/kg, IP) revealed a significant effect of genotype: 

F(1,63)=33.25, p<0.05; no significant effect of nicotine; and no interaction.  Finally, 

analysis of the effect of nicotine (0 or 0.36 mg/kg, IP) on auditory cue-evoked freezing in 

TRβ mutant mice revealed a significant effect of genotype: F(1,23)=27.65, p<0.05; no 

significant effect of nicotine; and no interaction.  Mice lacking TRβ showed a significant 

reduction in the formation of the hippocampus-independent cued memory, and this effect 

was observed independent of nicotine treatment.  ANOVA on auditory cue-evoked 

freezing in of cued fear conditioning in TRα1 mutant mice revealed no significant effects 

of genotype; no effects of nicotine; and no interactions for any dose of nicotine tested (0, 

0.09, 0.18, or 0.36 mg/kg, IP).  These results indicate that, unlike TRβ KO mice, TRα1 

KO mice exhibited normal levels of cued fear conditioning, which is evidence of both 

normal hearing and hippocampus-independent memory. 

Based on the cued fear conditioning deficit observed in TRβ KO mice, several 

follow-up analyses were conducted to exclude the possibility that altered TR signaling 

affects hippocampus-independent learning.  Cued fear conditioning is most often 

conducted with an auditory CS, and the literature suggests that TRβ mutant mice exhibit 

deafness (Forrest et al., 1996a).  Based on the current results, however, TRβ KO mice 

showed attenuated cued fear conditioning rather than completely abolished performance, 

indicating that mice were able to at least modestly perceive sound.  To ascertain the 

impact of hearing deficits in TRβ KO mice on cued fear conditioning and to determine 

their ability to learn to associate the presence of a visual CS and an aversive US, TRβ WT 

and KO mice were assessed for light-cued fear conditioning (data not shown).  Unpaired 
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student’s t-test comparing freezing levels between TRβ WT and KO mice in contextual 

and cued fear conditioning revealed no differences for either test (p>0.05 for each test).  

Finally, a paired samples t-test for all subjects comparing Pre-CS “Altered Context” 

freezing to freezing in the presence of the CS revealed successful cued fear conditioning: 

t(15)=3.088, p<0.05 and indicated that light-cued fear conditioning was successfully 

learned by all animals. 

Evaluation of Auditory Processing in TRβ and TRα1 Mutant Mice 

To further examine auditory function in TRβ KO mice, auditory startle response 

was evaluated in TRα1 and TRβ mutant mice (Figure 4).  A two factor ANOVA with TRβ 

genotype as a between subjects factor (WT and KO) and dB level (0, 65, 70, 80, 90, 100, 

110, and 120) as a within subjects factor (Figure 4A) revealed a significant effect of 

genotype: F(1,63)=7.377, p<0.05; a significant effect of dB: F(7,63)=67.22, p<0.05; and 

a significant interaction: F(7,63)=9.872, p<0.05 on auditory startle reactivity.  Bonferroni 

corrected post-hoc tests revealed a significant deficit in KO auditory startle at 100, 110, 

and 120 dB compared to WT mice (ps<0.05).  In contrast, ANOVA analysis of auditory 

startle reactivity in TRα1 mice in auditory startle (Figure 4B) revealed no significant 

effect of genotype; a significant effect of dB: F(7,105)=60.11, p<0.05; and no interaction.  

These results confirm an attenuated auditory response system in TRβ KO mice.  

Conversely, TRα1 mice exhibit normal levels of auditory startle as well as auditory cued 

fear conditioning. 
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Figure 4: Auditory startle in TR mutant mice.   

A) TRβ mutant mice. B) TRα1 mutant mice.  Deletion of TRβ produced a modest deficit 

in auditory startle response at 100, 110, and 120 dB (p<0.05 for each comparison).  

Deletion of TRα1 had no effect on auditory startle response at any dB level (p>0.05 for 

all comparisons). 

________________________________________________________________________ 
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Effects of Acute Nicotine and Fear Conditioning on Serum Thyroid Hormone Levels 

Characterization of the effects of acute nicotine treatment on serum levels of 

thyroid hormones using ELISAs for T4 and T3 were carried out (Table 5).  Serum was 

collected from C57BL/6J male mice treated with acute nicotine (0 or 0.18 mg/kg, IP).  

The analysis of thyroid hormone levels revealed no significant effect of nicotine 

treatment on hormone levels.  Student’s t-tests comparing T3 and T4 levels revealed no 

significant effects of acute nicotine treatment (ps>0.05) on either hormone level.  Further, 

acute nicotine did not affect the T3/T4 ratio (p>0.05), which can be indicative of subtle 

shifts in hormone secretion and availability.  A follow-up analysis tested the effect of 

combined acute nicotine (0 or 0.18 mg/kg, IP) and contextual fear conditioning training 

on hormone levels (Table 5), but the ANOVA analysis revealed no effect on T3 levels, T4 

levels, or on the T3/T4 ratio (p>0.05 for all comparisons). 
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________________________________________________________________________ 

Table 5: Evaluation of the effects of acute nicotine or combined acute nicotine and fear 

conditioning on thyroid hormone status. 

 

Table shows the calculated values of T3, T4, and T3/T4 ratios (Mean ± SEM) based on 

ELISA analyses. 

________________________________________________________________________ 

Transcription Factor Array Analyses 

The results of the transcription factor arrays revealed that a select subset of 

transcription factors (3 out of 319) were activated in the hippocampus 30 minutes after 

fear conditioning in the presence of nicotine (FC+Nic) that were not activated in animals 

conditioned in the absence of nicotine (FC+Sal); both groups were compared to saline-

treated homecage-control animals (No FC+Sal).  In other words, nicotine recruited the 

activity of these 3 transcription factors that were not normally activated during a 
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hippocampal learning event (Figure 5).  Thyroid receptor (TR), TR direct repeat 4 

(TR/DR4), and poly-(ADP-ribose) polymerase (PARP) showed little activity after fear 

conditioning in the absence of nicotine (1.41-fold, 1.61-fold, and 1.34-fold changes in 

activity compared to controls (No FC+Sal), respectively), but nicotine recruited their 

involvement during fear conditioning (2.06-fold, 2.04-fold, and 2.35-fold changes in 

activity compared to No FC+Sal control group, respectively).   

 

Figure 5: The effect of fear conditioning and nicotine on transcription factor activity.   

Combined nicotine and fear conditioning treatment significantly increased the activity of 

TR, TR/DR4, and PARP and decreased the activity of NF-1.  Fear conditioning alone 

significantly increased the activity of E2F-1, USF-1, and MEF-1.  Fear conditioning 

alone significantly decreased and nicotine rescued the activity of CETP/CRE and Pit-1.  
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Significance (above or below dotted line) was set at 2-fold and 0.5-fold change compared 

to control (Sal+No FC). 

________________________________________________________________________ 

Fear conditioning alone (FC+Sal) activated 3 transcription factors.  Fear 

conditioning resulted in a 2.08-fold increase in E2F transcription factor 1 (E2F-1) 

activity, a 2.14-fold increase in myocyte-specific enhancer-binding nuclear factor 1 

(MEF-1) activity, and a 2.78-fold increase in upstream transcription factor 1 (USF-1) 

activity compared to controls (No FC+Sal).  Nicotine treatment (FC+Nic) did not further 

augment the activity of these transcription factors (2.42-fold, 2.22-fold, and 2.24-fold 

change in activity for E2F1, MEF-1, and USF-1, respectively).  Thus, hippocampus-

dependent learning may activate these transcription factors, but nicotine does not 

contribute to any additional activation.  Fear conditioning alone (FC+Sal) resulted in a 

0.32-fold change (i.e., a reduction in activity) in cholesteryl ester transfer protein 

(CETP/CRE) activity and a 0.37-fold change in pituitary specific transcription factor (Pit-

1) activity, but the presence of nicotine (FC+Nic) rescued the reduction in activity of both 

these transcription factors (0.79-fold change in activity for both).  Fear conditioning 

(FC+Sal) did not alter the activity of nuclear factor 1 (NF-1) (0.72-fold change in 

activity), but the addition of nicotine (FC+Nic) suppressed its activity to 0.44-fold 

compared to naïve homecage control (No FC+Sal) activity.   

Discussion 

The present study identifies hippocampal TR signaling, specifically through TRβ, 

as a potentially novel signaling pathway involved in acute nicotine-enhanced 

hippocampal learning and memory.  In contrast, changes in hippocampal TR signaling 
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through TRα1 did not alter nicotine-enhanced hippocampus-dependent learning.  The 

biochemical studies presented here sought to elucidate the mechanism responsible for 

nicotine-enhanced contextual fear conditioning.  In order to test whether TR signaling 

was associated with nicotine-enhanced contextual fear conditioning, a series of 

transcription factor arrays were used to identify/confirm potential pathways that could 

lead to changes in hippocampal gene expression that may underlie the effects of acute 

nicotine on learning.  Strikingly, there were only three transcription factor targets that 

were uniquely activated by learning in the presence of nicotine (TR, TR-DR4, and 

PARP), and two of these targets (TR and TR-DR4) were related to thyroid signaling.  

Specifically, the transcription factor array revealed increased TR activity at thyroid 

hormone response element half-sites, where one TR binds and dimerizes with other 

nuclear receptors (i.e. RXR), and direct repeat 4 sequences, where two TRs bind and 

dimerize to control gene transcription.  These biochemical results indicate that learning in 

the presence of nicotine activates TRs and the behavioral results indicate that altered TRβ 

signaling disrupts nicotine-enhanced hippocampus-dependent learning and memory.  

Thus, TRβ signaling could either directly or indirectly modulate the effects of acute 

nicotine on learning.   

Nicotine could directly alter thyroid hormone levels, either in the central nervous 

system or the periphery, and this could have a direct influence over learning and memory 

processes.  Nicotine’s actions at glial cell-located nAChRs increases deiodinase 2 activity 

(Gondou et al., 1999), which catalyzes the activation of thyroid hormone by converting it 

from T4 to T3 (Bianco and Kim, 2006; Williams and Bassett, 2009; Arrojo et al., 2013).  It 

has been suggested that many of the functions of thyroid hormone in neurons (i.e., 
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activity at TRs) are specifically dependent on deiodinase 2 activity in glial cells (Asteria, 

1998) and this may represent a mechanism whereby nicotine can drive an increase in 

hippocampal TR activity.  Nicotine-augmented TR signaling could lead to changes in 

gene expression of plasticity-related genes such as reelin or brain-derived neurotrophic 

factor (Giordano et al., 1992; Sui et al., 2010), both of which can be controlled by thyroid 

hormone.  The present results identified increased hippocampal TR activity without a 

corresponding change in peripheral (serum) thyroid hormone levels.  These results 

suggest no effect on thyroid secretion or general effects on metabolism, but instead 

support the idea that there are more localized effects on TR signaling, including the 

hippocampus.  The present studies not only reveal potential involvement of thyroid 

hormone signaling (particularly TRβ) in nicotine’s effects on learning, but also 

demonstrated that learning in the presence of nicotine selectively recruits hippocampal 

TR activity.  Thyroid hormones have been shown to increase both ERK (Pantos et al., 

2007; Lei et al., 2008) and PKA (Sarkar et al., 1999; Ghosh et al., 2005) activation, thus 

providing one potential pathway through which thyroid signaling could contribute to the 

enhancement of learning by acute nicotine.  In support of this, a series of experiments 

identified these cell signaling cascades as critical for acute nicotine’s effects on learning.  

Specifically, nicotine-enhanced learning requires both ERK (Raybuck and Gould, 2007) 

and PKA (Wilkinson et al., 2012) activation.   

Another possible explanation for the results obtained here is that there is an 

indirect link between TR signaling and the effects of nicotine on learning and memory; 

and that developmental alterations in thyroid signaling alter the effects of nicotine on 

learning.  TRs control transcription of genes such as choline acetyltransferase (ChAT) 
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(Quirin-Stricker et al., 1994) and NMDA receptor subunits (Lee et al., 2003).  Therefore, 

constitutive changes in TR signaling (especially during development), such as those that 

occur with KO mice, could alter processes involved in the effects of nicotine on learning.  

For instance, it is possible that the constitutive deletion of TRβ led to altered 

development of the cholinergic system through effects on ChAT expression, and this 

could have contributed to the diminished effects of nicotine on learning in the KO mice.  

In support, disrupted thyroid function during development led to a decrease in ChAT 

expression in learning and memory-related brain regions including the hippocampus 

(Sawin et al., 1998).  Further, ChAT levels correlated with performance in a contextual 

fear conditioning paradigm (Woolf et al., 2001) and alterations in this system could 

attenuate nicotine’s effects on learning and memory.  Alternatively, disrupted thyroid 

signaling may alter NMDA receptor expression patterns, which could affect the 

interaction between the glutamatergic and cholinergic neurotransmitter systems that are 

important for hippocampal learning and memory (Gould and Lewis, 2005; Andre et al., 

2011).  In support of this, developmental hypothyroidism leads to an increase in select 

NMDA receptor subunit expression (NR1) and deficits in spatial learning and synaptic 

plasticity (Opazo et al., 2008).  However, the current results found hippocampus-

dependent and hippocampus-independent learning and memory largely intact in TR 

mutant mice, which suggests any subtle alterations in glutamatergic or acetylcholinergic 

signaling do not produce gross learning and memory impairments but could still 

potentially disrupt nicotine’s effects on learning. Therefore, while there may be a direct 

signaling component whereby nicotine increases TRβ signaling to enhance learning, it is 
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also possible that disrupted thyroid signaling during development causes changes to other 

systems and this interferes with the ability of acute nicotine to enhance learning. 

The transcription factor array revealed other potential targets of interest for 

learning and nicotine’s effects on learning.  Nicotine recruited hippocampal PARP 

activity 30 minutes after contextual learning.  Previous research indicates that nicotine 

administered to fibroblasts activated ERK and JNK signaling pathways and stimulated 

apoptosis, as demonstrated by an increase in the cleavage of PARP (Kang et al., 2011).  

PARP is critical for long-term memory formation and consolidation (Cohen-Armon et al., 

2004; Sung and Ambron, 2004; Goldberg et al., 2009; Wang et al., 2012).  Furthermore, 

PARP activity is also implicated in epigenetic alterations, such as chromatin 

modifications (Fontan-Lozano et al., 2010), and is important for object recognition and 

fear conditioning (Goldberg et al., 2009).  Conversely, NF-1 was selectively deactivated 

after learning in the presence of nicotine.  NF-1 modulates expression of the mid-sized 

neurofilament (Schwartz et al., 1997), overexpression of which has been shown to 

produce deficits in learning (Haroutunian et al., 1996).  Further, lithium treatment 

decreased the phosphorylation of newly synthesized mid-sized neurofilament (Bennett et 

al., 1991), which may partially relate to lithium’s positive effects on memory in rats 

(Tsaltas et al., 2007) and cognitively compromised humans (Tsaltas and Kontis, 2009).  

Nicotine and learning may drive a shift in gene transcriptional regulation toward genes 

that support elevated levels of neural plasticity, learning, and memory.   

The present study also revealed select alterations in transcription factor activity 

related to hippocampal learning (MEF-1, E2F-1, and USF-1) that were unaffected by 

nicotine treatment.  MEF-1 may represent a novel and untested contributor to learning 
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and memory processes.  While MEF-1 was not previously associated with learning and 

memory, MEF-2, a closely related variant, has recently been implicated in these 

processes (Cole et al., 2012; Dietrich, 2013; Rashid et al., 2013).  E2F-1 was activated by 

cell proliferation (Black and Azizkhan-Clifford, 1999), a process shown to be important 

for learning and memory (Arendt, 2003) and DNA repair (Polager et al., 2002), a process 

implicated in DNA demethylation (Rai et al., 2008) and hippocampal memory (Leach et 

al., 2012).  An increase in E2F-1 expression was also related to increased DNA 5-

cytosine methyltransferase (DNMT) (Polager et al., 2002), which has implications for the 

epigenetic regulation of learning and memory (Levenson et al., 2006; Miller and Sweatt, 

2007; Miller et al., 2008).  USF-1, a transcription factor implicated in DNA repair and 

Alzheimer’s disease outcomes (Baron et al., 2012; Isotalo et al., 2012), was also 

increased in the present study.  Further studies would be required to confirm their role in 

learning and memory formation, but MEF-1, E2F-1, and USF-1 represent promising 

targets for future learning and memory research. 

Two hippocampal transcription factors, CETP/CRE and Pit-1, were deactivated 

during learning and their activity was restored to control levels when nicotine was 

present.  CETP/CRE is a cholesterol responsive gene that has been implicated in 

Alzheimer’s disease and cognitive decline (Barzilai et al., 2006; Sanders et al., 2010; Yu 

et al., 2012).  Pit-1 is normally not observed in non-pituitary cells (Emanuele et al., 1992) 

and may represent a false-negative of the assay, or may represent a novel target for future 

studies on learning, memory, and nicotine’s effects on these processes.  It is unclear at 

this time if these changes in transcription factor activity are relevant to the effects of 

nicotine on learning, but it is possible that these molecules act as negative regulators of 
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learning, and nicotine removes the effective brake on learning that these molecules 

represent.   

The current study also supports a critical role TRβ signaling plays in the 

development of normal auditory processing (Forrest et al., 1996a).  Previously, using 

auditory brainstem evoked potentials, it was determined that TRβ KOs were deaf (Forrest 

et al., 1996a).  The current study used a behavioral startle paradigm and observed similar, 

although not as profound, loss of auditory behavioral responses in TRβ KO mice.  

Furthermore, despite alterations in auditory processing, our results showed remarkably 

intact learning and memory systems in TRβ KO mice, such that their learning in drug-

free contextual fear conditioning and their delay-cued fear conditioning to a light-CS 

(data not shown) was indistinguishable from WT littermates.  This indicates that genetic 

disruption of either TR does not overtly affect either hippocampus-dependent or 

hippocampus-independent learning, whereas decreases in thyroid hormones can disrupt 

learning (Gerges et al., 2001; Ge et al., 2012).   

A surprising finding from the current studies was that 0.09 mg/kg acute nicotine 

did not enhance contextual freezing in TRα1 WT or KO mice.  While this result 

contrasted with established results with C57BL/6J mice and the effects observed in TRβ 

WT mice, it was not without precedent.  Previously, differences in acute nicotine-

enhanced contextual learning were observed between WTs of different nicotinic 

acetylcholine receptor mutant mouse lines (Wehner et al., 2004; Lotfipour et al., 2013).  

Further, the embryonic stem cell line used for the creation of many mutant mice (129), 

including those used here (Forrest et al., 1996b; Wikstrom et al., 1998), comes from an 

inbred mouse strain that does not show nicotine-enhanced learning at the doses that 
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C57BL/6J mice do (Portugal et al., 2012b).  Thus, some residual genetic contribution 

from the 129 strain may play a role in differences between WTs of various mutant mouse 

lines.   

In summary, using behavioral, genetic and pharmacological approaches, the 

results presented here indicate that thyroid hormone signaling at TRβ is be important for 

acute nicotine’s effects on hippocampal learning while TRα1 signaling is not.  TR activity 

was shown in hippocampal tissue 30 minutes after contextual fear conditioning in the 

presence of nicotine.  However, nicotine’s effects on learning were absent when TRβ was 

not present.  In addition, independent of nicotine treatment status, TRβ KO mice 

exhibited deficits in auditory cue learning that were likely attributable to hearing deficits 

because visual cue learning was unaffected in these mice.  Furthermore, acute nicotine 

did not affect serum thyroid hormone levels (neither T3 nor T4) 30 minutes after treatment 

nor did combined nicotine and fear conditioning treatment, although a limited set of 

conditions were tested, and higher doses of nicotine may significantly alter serum thyroid 

hormone levels.  Combined nicotine and fear conditioning did, however, lead to an 

increase in activity of hippocampal TRs (both T3RE half-sites and direct repeat sites).  

Finally, the results of the transcription factor array also identified several potential novel 

targets for further investigation related to nicotine and learning, and learning in general.  

Taken together, these results point to a novel interaction between the nicotinic 

acetylcholinergic and thyroid signaling systems.  The potential cross-talk between these 

signaling systems raises the possibility that novel pharmacological targets for the 

treatment of nicotine addiction may include thyroid signaling. 
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CHAPTER 4 

NICOTINE WITHDRAWAL REDUCES THYROID HORMONE LEVELS AND 

LEVOTHYROXINE TREATMENT AMELIORATES NICOTINE WITHDRAWAL-

INDUCED DEFICITS IN HIPPOCAMPUS-DEPENDENT LEARNING 

Introduction 

Cigarette smoking alters a variety of endocrine systems including thyroid, insulin, 

and sex hormones (for review see Kapoor and Jones, 2005; Tweed et al., 2012).  Both 

active (first-hand) cigarette smoking and passive (second-hand) exposure to cigarette 

smoke have been shown to significantly lower steroid (Soldin et al., 2011; Blanco-Munoz 

et al., 2012) and thyroid hormones (Soldin et al., 2009).  Chronic heavy smoking (i.e, 30 

or more cigarettes per day) significantly decreased thyroxine (T4), the secreted form of 

thyroid hormone (Sepkovic et al., 1984).  Further, chronic heavy smoking increased the 

prevalence of thyroid hormone deficiencies such as hypothyroxinemia (T4 levels in the 

lowest 5th percentile) in women of reproductive age (Vanderver et al., 2007).  Further, 

chronic smoking may increase the risk of developing hypothyroidism in subjects 

predisposed to thyroid dysfunction (i.e., Hashimoto’s thyroiditis) and smoking cessation 

does not abolish this risk (Fukata et al., 1996).  Additionally, there is recent evidence that 

smoking cessation confers an increased risk of developing autoimmune hypothyroidism, 

such that those who quit smoking less than 1 year ago had an odds ratio of 7.36 and those 

that quit smoking 1-2 years ago had an odds ratio of 6.34 for developing autoimmune 

hypothyroidism (Carle et al., 2012).  Adequate levels of thyroid hormones are critical for 

adult neural function.  For example, adult-onset hypothyroidism is associated with 

deficits in cognitive processes including general intelligence, attention, concentration, 
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memory, perception, visuospatial function, language, and executive functions (Crown, 

1949; Whybrow et al., 1969; Haggerty et al., 1986; Osterweil et al., 1992; Mennemeier et 

al., 1993; Dugbartey, 1998).  If smoking cigarettes negatively affects thyroid function in 

some individuals (i.e., those with a predisposition to thyroid dysfunction), decreased 

thyroid function may contribute to deficits in cognitive function associated with smoking 

and withdrawal. 

The effect of cigarette smoking on thyroid function is not entirely straightforward.  

In contrast to the effects reported in the above paragraph, many lines of research have 

found that smokers have higher circulating thyroid hormone levels, which indicates that 

smoking may stimulate thyroid hormone secretion (Christensen et al., 1984; Ericsson and 

Lindgarde, 1991; Fisher et al., 1997; Jorde and Sundsfjord, 2006).  Further, some studies 

indicate that both current and former smokers have elevated thyroid hormones and lower 

levels of thyroid’s regulatory hormone, thyroid stimulating hormone (TSH) (Bertelsen 

and Hegedus, 1994; Schlienger et al., 2003; Wiersinga, 2013).  Also, in stark contrast to 

the study by Soldin and colleagues (2009) described earlier, passive smoke exposure has 

also been shown to increase tri-iodothyronine (T3), the active form of thyroid hormone 

and free T4 (Metsios et al., 2007; Flouris et al., 2008).  Similar to hypothyroidism-

induced deficits in cognition described above, hyperthyroidism that develops in 

adulthood also led to impairments in memory, attention, and executive functioning 

(Alvarez et al., 1983; Trzepacz et al., 1988; Stern et al., 1996; Yudiarto et al., 2006).  

Therefore, deviations in thyroid function can alter cognition with cognitive disturbances 

arising either when too little or too much hormone is present.  Further, thyroid disorders 

can result in psychological disorder diagnoses, including major depressive disorder and 
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dementia (for review see Davis and Tremont, 2007).  Due to disparate findings in current 

and former smokers as well as those exposed to second-hand cigarette smoke, it is critical 

to more completely understand the direction and extent of the effects of cigarette smoke 

and nicotine on the endocrine function of individuals.  Understanding how drugs of abuse 

such as nicotine can affect thyroid hormone status may be informative for the successful 

treatment of addiction, as well as certain neurological and psychological disorders. 

Nicotine is the main addictive component of cigarette smoke (for review see Le 

Foll and Goldberg, 2009; De Biasi and Dani, 2011), but it is unknown if nicotine 

contributes to the effects of smoking on thyroid function.  Cigarette smoke contains many 

toxic compounds that may differentially affect endocrine function (Pieraccini et al., 

2008), and the overall effects of smoking are likely complex and not necessarily 

unidirectional.  Other components of cigarette smoke, such as thiocyanate and 2,3-

hydroxypyridine, may disrupt thyroid function (Kapoor and Jones, 2005).  Thiocyanate 

decreased iodide absorption and caused goiter in the absence of sufficient iodine 

(Erdogan, 2003).  Decreased iodide absorption directly reduced the capacity of the 

thyroid to synthesize T4, which may contribute to the development of a hypothyroid state.  

Additionally, 2,3-hydroxypyridine prevents de-iodization (activation) of T4, indicating 

that there may be a reduced supply of the T3, which could also have anti-thyroid effects.  

It is important to experimentally test which effects of cigarette smoking may be due to 

nicotine, the direction of any effects, and if nicotine withdrawal has any effect on thyroid 

hormone levels.  

  Nicotine is known to alter cognitive processes (Levin et al., 2006; Kenney and 

Gould, 2008; Gould and Leach, 2013), but the effects of nicotine differ depending on 
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treatment duration (i.e., acute, chronic, or withdrawal from chronic administration).  

Specifically, acute nicotine enhances certain forms of learning, memory, and cognitive 

processes (Gould and Wehner, 1999; Gould et al., 2001; Gould et al., 2004; Kenney et al., 

2012b; Leach et al., 2013).  Further, chronic nicotine produces some cognitive deficits 

(Wagner et al., 2013), but often tolerance to the effects of nicotine on learning is seen 

with chronic nicotine (Davis et al., 2005; Gould and Wilkinson, Submitted).  More 

prevalent, however, are cognitive deficits associated with nicotine withdrawal (Davis et 

al., 2005; Kenney et al., 2012b; Gould and Wilkinson, Submitted) and these deficits could 

contribute to relapse in smokers attempting to quit (Rukstalis et al., 2005; Patterson et al., 

2010).  In support, it has been shown that changes in cognition during smoking 

abstinence significantly predicted relapse (Rukstalis et al., 2005; Patterson et al., 2010).  

The cognitive symptoms of withdrawal can be reversed by nicotine treatment in animal 

models (Davis et al., 2005).  In addition, animal and human studies suggest that 

amelioration of these cognitive deficits may contribute to the efficacy of smoking 

cessation pharmacotherapies, such as varenicline, bupropion, and atomoxetine (Davis and 

Gould, 2007; Portugal and Gould, 2007; Raybuck et al., 2008; Patterson et al., 2009; Ray 

et al., 2009).  If nicotine withdrawal affects thyroid hormone levels, then normalization of 

this hormone may represent a novel therapeutic strategy to boost the efficacy of smoking 

cessation treatments. 

The current studies aimed to determine if there is direct involvement of nicotine 

on thyroid hormone levels both in the periphery and in the brain.  The present studies also 

examined the effect of supplemental thyroid hormone on hippocampus-dependent and 

hippocampus-independent learning and memory and on learning deficits associated with 
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nicotine withdrawal.  Thus, this study examined if a pharmacological strategy aimed at 

normalizing thyroid hormone levels could be efficacious in treating the cognitive deficits 

associated with nicotine withdrawal.  It is possible that certain individuals who smoke 

and are predisposed to thyroid dysfunction could benefit from carefully monitored 

thyroid hormone status prior to and during smoking cessation attempts to alleviate 

cognitive dysfunction and reduce relapse rates.  I hypothesized that chronic nicotine 

would increase serum thyroid hormone levels while withdrawal from chronic nicotine 

would decrease serum thyroid hormone levels.  I further hypothesized that the effects of 

nicotine on brain thyroid hormone levels would be of a higher magnitude than peripheral 

effects.  Next, I hypothesized that supplemental thyroid hormone would enhance normal 

learning and reverse nicotine withdrawal-induced deficits in contextual learning.   

Methods 

Subjects 

C57BL/6 mice were used for all biochemical and behavioral studies.  Mice were 

purchased from Jackson Laboratories and arrived at 7 weeks of age.  Mice were shipped 

to Temple University and acclimated to the facilities for >1 week prior to the initiation of 

chronic nicotine treatment and/or behavioral training.  All mice were maintained in a 

temperature and humidity controlled vivarium with ad libitum access to standard lab 

chow and water.  All procedures were approved by the Temple University Institutional 

Animal Care and Use Committee.   

Drugs and Administration 

Chronic nicotine (0 or 24 mg/kg/day, subcutaneous (SC)) administration occurred 

via osmotic minipump (Model #1002 Alzet, Inc., Cupertino, CA) that delivered 0.25 
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µL/hour and held a total of 100 µL of liquid.  One group of mice was implanted with 

osmotic minipumps for 13 days and was biochemically assessed for chronic nicotine 

exposure-induced alterations in thyroid hormone levels.  Two separate cohorts of mice 

were implanted with osmotic minipumps for 12 days; pumps were then removed to 

produce a spontaneous withdrawal syndrome 24 hours later that could be biochemically 

assessed (as above) and behaviorally assessed in a fear conditioning paradigm.  Doses 

tested were based on previous research (Turner et al., 2011; Turner et al., 2013; 

Wilkinson et al., 2013) and subsequent dose response analyses.  Levothyroxine (L-

Thyroxine, L-T4, Sigma) (0, 0.3125, 0.625, and 1.25 mg/kg, IP) was dissolved in 10% 

hydroxypropyl-beta-cyclodextrin (HPβCD) and NaOH then normalized to a physiological 

pH of ~7.0.  Levothyroxine was administered once a day for 4 days, beginning 2 days 

before fear conditioning training and ending on testing day, based on previous research 

(Smith et al., 2002; Fu et al., 2010).  Dosing on training and testing days occurred 80 

minutes prior to behavior.  All doses tested here were lower than what was shown to be 

efficacious in other rodent models of cognitive impairment (Smith et al., 2002; Fu et al., 

2010).  This may be due to differential pharmacokinetics/pharmacodynamics of 

levothyroxine based on vehicle differences.  Specifically, the present studies used HPβCD 

as a vehicle, which has been shown to increase levothyroxine bioavailability over other 

formulations (Le Traon et al., 2008).  Levothyroxine (5 mg/kg, IP), prepared and 

administered as described above, was used as a positive control for ELISA on extracted 

and purified brain tissue based on doses used in previous research (Smith et al., 2002). 
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Osmotic Minipump Surgeries 

All surgery was conducted using sterile techniques.  Mice were anesthetized with 

isoflurane (5% induction, 2.5% maintenance) and placed on a stereotaxic instrument for 

pump implantation and removal surgeries.  Nicotine-filled osmotic minipumps (0 or 24 

mg/kg/day) were inserted or removed from under the skin through a small instrascapular 

incision and the incision was closed with surgical staples.  Mice were observed carefully 

for 1 hour after pump implantations or removals to identify any adverse reactions to 

surgeries (none were observed) and at least once a day thereafter (no adverse effects were 

observed). 

ELISA Analyses 

To evaluate the effect of chronic nicotine on thyroid hormone levels, ELISA 

analyses were conducted as described previously (Leach 2013, submitted/Chapter 2 of 

Dissertation) on serum from mice treated with chronic nicotine (0 or 24 mg/kg/day, SC) 

for 13 days.  Next, to evaluate the effect of nicotine withdrawal, ELISA analyses were 

conducted on serum from mice exposed to chronic nicotine (0 or 24 mg/kg/day, SC) for 

12 days, followed by 24 hours of spontaneous withdrawal (induced by removing the 

osmotic minipump).  ELISA (Alpha Diagnostics) kits were used to evaluate total levels of 

thyroxine (T4, Kit #1100) and tri-iodothyronine (T3, Kit #1700).  Briefly, approximately 

500 µL blood was collected from the descending vena cava into microtainer serum 

collection tubes with clot activator and gel separator (BD) and tubes were immediately 

inverted 5 times to activate clotting.  Blood was allowed to clot for at least 30 minutes 

before being centrifuged for 5 minutes at 10,000 rpm.  Resulting supernatant was 

collected and stored at -80o C until analysis.  ELISAs were run using manufacturer’s 
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recommended protocols.  Briefly, 25 or 50 µL (for T4 and T3 assays, respectively) serum 

were added to 96 well plates previously coated with anti-thyroid hormone antibodies.  

Then, horseradish peroxidase (HRP) conjugated thyroid hormone solution was added to 

the wells to competitively bind to their respective antibodies for 60 minutes at room 

temperature.  Wells were then aspirated and washed 3 times prior to the addition of an 

HRP substrate solution.  Plates were then incubated with HRP substrate solution for 15 

minutes at room temperature and a blue color developed.  Finally, 50 µL stop solution 

was added and the blue color turned to yellow.  Plates were then read on a 96 well plate 

reader (Bio-Rad) at 450 nM.  Absorbance values were inversely proportional to thyroid 

hormone levels.  Using a standard curve, thyroid hormone levels were calculated 

(interpolated) and graphed.  Also, T3/T4 ratio was calculated for each animal because it 

can indicate potential subtle changes in thyroid function.   

Ion Exchange Chromatography 

Extraction 

To determine if nicotine treatment specifically alters brain levels of thyroid 

hormones, ELISA analyses were completed following hormone extraction and 

purification.  Iodothyronine (T3 and T4) extraction was adopted from the procedure of 

Pinna and colleagues (1999).  Briefly, whole brains were homogenized using a 10 mL 

glass homogenizer with Teflon pestle (Wheaton) in 2 mL of homogenization solution that 

consisted of 100% methanol with 1 mM propylthiouracil (Sigma), which was kept on ice 

throughout the process.  Each homogenate was transferred into a 15 mL Falcon tube 

using a disposable Pasteur pipette. The glass homogenizer was rinsed twice with 2 mL of 

homogenization solution and the remaining liquid was transferred into the same Falcon 
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tube.  Samples were centrifuged at 3,000 rpm for 15 min at 4° C. The supernatant was 

collected into a new Falcon tube and 3 mL of homogenization solution was added to the 

remaining pellet. The pellet was resuspended by vortexing for 2 min, and centrifuged at 

3000 rpm for 15 min at 4°C. The supernatant was collected into the same tube.  

Purification and Elution 

Ion-exchange chromatographic columns prefilled with AG 1-X8 chloride form 

resin (Bio-Rad) were used for the purification. The columns were developed with 5 mL 

of 70% glacial acetic acid, washed twice with 5 mL H2O, and equilibrated to pH 7 by 

adding 5 mL of acetate buffer (pH 7).  Extracted samples were poured directly into the 

columns.  Purification of the columns was achieved by washing with the following 

solutions: 2 mL acetate buffer (pH 7), 2 mL 100% ethanol, 2 mL acetate buffer (pH 7), 2 

mL acetate buffer (pH 7), 2 mL 100% ethanol, 2 mL acetate buffer (pH 7), 2 mL acetate 

buffer (pH 4), 2 mL acetate buffer (pH 3), 2 mL 1% acetic acid, 2 mL 35% acetic acid, 

and 0.5 mL 70% acetic acid. Thyroid hormones were eluted by adding 2 mL 70% acetic 

acid and collecting 1.5 mL of purified hormones. 

Sample Preparation 

Acetic acid was removed/evaporated using a Speedvac centrifuge (Savant) 

incorporating a refrigeration trap.  To minimize time needed for evaporation, 100 µL of 

elutant (collected above) was placed into microcentrifuge tubes (Eppendorf) and 

evaporated until dry (~3 hrs).  Resµting extracted, purified, and dry samples were 

reconstituted in dH20 for ELISA analyses.  Based on analyses of blank samples run 

through ion-exchange chromatography procedure, the set of standards (in serum) 

provided with the ELISA kits was not applicable and quantification could not be 
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accurately interpolated from the standard curves.  Therefore, statistical tests were run on 

absorbance values rather than being converted to quantitative measurements.  Because 

ELISA standards could not be used, mice treated for 4 days with levothyroxine (5 mg/kg, 

IP, QD) were used as positive controls to demonstrate the suitability and sensitivity of the 

extraction/purification procedure followed by ELISA analysis. 

Behavioral Apparatus 

Fear conditioning training and contextual fear conditioning testing occurred in 

conditioning chambers made of Plexiglas (26.5 x 20.4 x 20.8 cm) with stainless steel rod 

grid floors (2 mm diameter) spaced 1 cm apart described previously (Kenney et al., 

2010).  Scrambled foot-shock (0.57 mA) was administered via a shock generator (Med-

Associates, St. Albans, VT) controlled by LabView software.  Fear conditioning 

chambers were housed in individual sound attenuating cubicles (Med-Associates, St. 

Albans, VT).  Each sound attenuating cubicle contained a light (4 watt) and fan that 

provided air circulation and a constant white noise (65 dB). Cued fear conditioning 

testing occurred in altered context conditioning chambers located in a different testing 

room. Altered context, in addition to occurring in a different testing room, also consisted 

of different size chambers (20 x 23 x 19 cm) that differed in construction (i.e., aluminum 

sides and a plastic floor). Vanilla extract was added to make the context as distinct as 

possible.  All chambers were cleaned with 70% ethanol before and after each animal. 

Contextual and Cued Fear Conditioning 

Male C57BL/6J mice were trained and tested in a fear conditioning paradigm that 

assessed hippocampus-dependent (contextual fear conditioning) and hippocampus-

independent (cued fear conditioning) learning and memory (Portugal et al., 2012b).  Mice 
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were introduced to fear conditioning chambers for 2 minutes prior to the introduction of a 

30 second conditioned stimulus (CS, white noise, 85 dB) that co-terminated with a 2 

second unconditioned stimulus (US, footshock).  After the initial CS-US pairing, an inter-

trial-interval (2 minutes) preceded a second CS-US pairing.  The session ended after a 30 

second period without stimuli and mice were returned to their homecages.  Twenty-four 

hours later, mice were placed in the fear conditioning chambers for 5 minutes, during 

which time they were assessed for freezing behavior.  One hour after contextual fear 

conditioning testing, mice were assessed for freezing in the altered context for 6 minutes.  

Mice were tested for 3  minutes in the altered context in the absence of stimulus 

presentations (pre-CS), which was used as a measure of generalized freezing (Baldi et al., 

2004).  Immediately after the pre-CS testing, the mice were assessed for freezing during a 

3 minute presentation of the CS.      

Statistical Analyses 

For ELISA analyses, t-tests on calculated hormone levels were used to compare 

saline to nicotine treatment (chronic or withdrawal) for serum T3 levels, serum T4 levels, 

and serum T3/T4 ratios.  For ELISA analysis of brain tissue, t-tests on raw ELISA 

absorbance values were used to compare saline to nicotine treatment (chronic or 

withdrawal) for T3 and T4 ELISAs.  To confirm successful thyroid hormone 

extraction/purification, additional planned comparison t-tests were conducted to compare 

ELISA absorbance values of saline (chronic and withdrawal) and levothyroxine treated 

mice for T3 and T4 ELISAs.  For brain extract analyses, ELISA data was presented as 

inverse absorbance values for graphical purposes to better illustrate the direction of 

effect.  For fear conditioning studies that evaluated the effect of levothyroxine on 
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contextual and cued fear conditioning, a one-way ANOVA was run with Dunnett’s 

posthoc tests to compare treatment groups to vehicle control.  For fear conditioning 

studies that evaluated the effect of levothyroxine on nicotine-withdrawal deficits, a one-

way ANOVA was run with Dunnett’s posthoc tests to compare all levothyroxine 

treatment groups to nicotine-withdrawal.   

Results 

Effect of Chronic and Withdrawal from Chronic Nicotine on Serum and Brain Thyroid 

Hormone Levels 

There were no significant differences in T3 or T4 in animals exposed to chronic 

nicotine: t(16)=0.5196, p=0.6105 and t(16)=0.7958, p=0.4378, respectively (Figure 6A 

and 6B).  In contrast, withdrawal from chronic nicotine was associated with no 

significant difference in serum levels of T3: t(16)=0.5831, p=0.5679, but was associated 

with significantly lower serum T4 levels: t(16)=2.237, p<0.05 (Figure 6C and 6D).  

Interestingly, chronic nicotine was associated with a significant increase in the serum 

T3/T4 ratio: t(16)=2.612, p<0.05 (Figure 6E), as was withdrawal from chronic nicotine: 

t(16)=2.985, p<0.05 (Figure 6F), which may indicate subtle alterations in thyroid 

hormone homeostasis.   
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Figure 6:  The effect of chronic and withdrawal from chronic nicotine administration on 

serum thyroid hormone levels based on ELISA analyses.   

A-C) Chronic nicotine had no effect on either secreted (T4) or active (T3) thyroid 

hormone but did increase the T3/T4 ratio.  D-F) Withdrawal from chronic nicotine 

significantly decreased T4 levels without affecting T3 levels and also increased the T3/T4 

ratio.  * indicates p<0.05. 
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________________________________________________________________________ 

Comparison of absorbance values from T3 ELISA carried out on purified and 

extracted brain tissue revealed no differences compared to control groups after chronic or 

withdrawal from chronic nicotine treatment: t(6)=0.8362, p=0.4351 and t(6)=1.528, 

p=0.1775, respectively (Figure 7A).  Further, absorbance values from T4 ELISA carried 

out on purified and extracted brain tissue revealed that neither chronic nicotine nor 

withdrawal from chronic nicotine treatment were associated with significantly different 

absorbance values: t(6)=1.920, p=0.1032 and t(6)=1.849, p=0.1140, respectively (Figure 

7B).  As expected, positive control analyses for T3 and T4 showed a significant difference 

between control and levothyroxine-treated groups: t(10)=16.42, p<0.05 and t(10)=49.20, 

p<0.05, respectively (Figure 7A and 7B). 
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Figure 7:  The effect of chronic and withdrawal from chronic nicotine on T3 and T4 in 

extracted and purified brain tissue.   

A) Neither chronic nicotine nor withdrawal from chronic nicotine administration had an 

effect on the absorbance values from T3 ELISA analysis but 4 days of levothyroxine 

treatment (5 mg/kg, IP) as a positive control significantly affected absorbance values.  B) 

Neither chronic nicotine nor withdrawal from chronic nicotine had a significant effect on 

absorbance values from T4 ELISA analysis but levothyroxine positive control 

significantly affected absorbance values.  CS=Chronic Saline, CN=Chronic Nicotine, 

WCS=Withdrawal from Chronic Saline, WCN=Withdrawal from Chronic Nicotine, and 

L-T4=Levothyroxine.  * indicates p<0.05.  

________________________________________________________________________   
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Effect of Thyroid Hormone on Contextual Fear Conditioning 

To evaluate the effect of supplemental thyroid hormone, 4 days of levothyroxine 

(0, 0.3125, 0.625, and 1.25, QD, IP) was administered starting 2 days prior to contextual 

and cued fear conditioning and continued through to testing day.  The final 2 doses 

occurred 80 minutes prior to training and testing.  One-way ANOVA evaluating the effect 

of levothyroxine on contextual fear conditioning revealed a significant effect of drug 

treatment: F(3,47)=3.418, p<0.05 (Figure 8A) on contextual freezing levels.  Dunnett’s 

post-hoc tests comparing contextual freezing levels at each levothyroxine dose to vehicle 

control revealed a significant effect of levothyroxine at 0.625 mg/kg, but not at lower or 

higher doses (p<0.05).  One-way ANOVA comparing the effect of levothyroxine on cued 

freezing levels revealed a significant effect of levothyroxine: F(3,47)=3.403, p<0.05 

(Figure 8B).  Dunnett’s post-hoc tests revealed a significant effect on cued freezing levels 

when levothyroxine was administered at a dose of 0.3125 mg/kg (p<0.05), but not at 

either of the higher doses.  This finding shows that a dose found to be subthreshold for 

enhancement of contextual fear conditioning may enhance cued fear conditioning, but the 

dose that enhanced contextual fear conditioning had no effect on cued fear conditioning. 
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Figure 8:  The effect of levothyroxine on contextual and cued fear conditioning.   

A) Levothyroxine significantly enhanced contextual fear conditioning at a selective dose 

of 0.625 mg/kg.  B) Levothyroxine significantly enhanced cued fear conditioning at a 

selective dose of 0.3125 mg/kg.  * indicates p<0.05. 

________________________________________________________________________ 
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Efficacy of L-T4 to Ameliorate Nicotine Withdrawal-Induced Deficits in Contextual Fear 

Conditioning 

To assess the efficacy of supplemental thyroid hormone on cognitive deficits 

associated with nicotine withdrawal, the present studies tested 2 doses of levothyroxine.  

The low dose of levothyroxine tested was subthreshold for affecting contextual fear 

conditioning alone and the higher dose of levothyroxine tested was efficacious in 

enhancing contextual fear conditioning alone.  Cued fear conditioning was also assessed 

for all studies to determine if there were other cognitive effects of levothyroxine 

treatment during nicotine withdrawal.  One-way ANOVA comparing the effects of 

levothyroxine on nicotine withdrawal in contextual fear conditioning revealed a 

significant effect on context-evoked freezing: F(3,59)=4.327, p<0.05 (Figure 9A).  

Dunnett’s posthoc tests revealed nicotine withdrawal was associated with significantly 

lower levels of contextual freezing (i.e.,hippocampal memory) (p<0.05), and that 

levothyroxine treatment (0.625 mg/kg) was associated with a complete amelioration of 

nicotine withdrawal-induced memory deficits (p<0.05).  Further, there were no 

significant differences in contextual freezing levels between vehicle and subtheshold 

levothyroxine treatment (0.3125 mg/kg) on nicotine withdrawal-induced deficits in 

memory.  ANOVA and post-hoc tests revealed no effect of nicotine withdrawal or 

levothyroxine on cue-evoked freezing during nicotine withdrawal: F(3,59)=0.4022, 

p=0.7520 (Figure 9B). 
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Figure 9:  The effect of levothyroxine on nicotine withdrawal-associated deficits in 

contextual fear conditioning.   

A) Levothyroxine significantly enhanced contextual fear conditioning in mice 

experiencing nicotine withdrawal, indicating complete amelioration/reversal of nicotine 

withdrawal-induced deficits.  B) Levothyroxine did not affect cued fear conditioning in 

mice experiencing nicotine withdrawal.  * indicates p<0.05. 

________________________________________________________________________ 
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Discussion 

The results described here indicate that withdrawal from chronic nicotine 

administration can directly reduce thyroid hormone function by decreasing levels of the 

secreted thyroid hormone, T4.  Nicotine withdrawal leads to cognitive deficits in animals 

and humans (Davis et al., 2005; Rukstalis et al., 2005; Raybuck and Gould, 2009; 

Patterson et al., 2010; Kenney et al., 2012b).  It is possible that decreased thyroid 

hormone availability may account for some of these cognitive deficits, but this has not 

previously been tested.  Recent studies revealed a strong association (i.e., odds ratios of 

6.34-7.36) between smoking cessation and the development of autoimmune 

hypothyroidism (Carle et al., 2012) and the present results suggest that withdrawal from 

chronic nicotine administration may directly contribute to these observed effects.  

Remarkably, the current results also demonstrate that supplemental thyroid hormone 

treatment (i.e., levothyroxine administration) was able to completely ameliorate/reverse 

the hippocampus-dependent cognitive deficits associated with nicotine withdrawal.  This 

supports a potential role of deficient thyroid hormone signaling in nicotine withdrawal-

induced cognitive deficits and suggests that normalization of hormone levels may benefit 

subjects attempting to quit smoking 

Thyroxine (T4) levels have been found to positively correlate with cognitive 

function, while T3 does not (Osterweil et al., 1992; Prinz et al., 1999).  It has been 

suggested that CNS thyroid hormones are derived from peripheral T4, and that serum T4 

levels may be important for CNS function (Prinz et al., 1999).  Experimental 

manipulations that reduce T4 levels are detrimental to learning and memory (Alzoubi et 

al., 2006b; Alzoubi et al., 2009).  Further, hypothyroxinemia (low T4 with normal T3 
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levels) during development led to long-lasting changes in cognition during adulthood 

(Axelstad et al., 2008).   

More thorough analysis of thyroid hormone levels and the relationship between 

active and secreted thyroid hormone (i.e., T3/T4 ratio) revealed that both chronic and 

withdrawal from chronic nicotine administration significantly increased the T3/T4 ratio, 

which is indicative of a variety of thyroid disease states including (untreated) hypo- and 

hyperthyroidism (Mortoglou and Candiloros, 2004).  Even subtle deficiencies in thyroid 

hormone signaling, such as those observed in subclinical hypothyroidism (defined as 

normal T3 and T4 and elevated TSH levels), are associated with poor memory 

performance (Zhu et al., 2006; Samuels et al., 2007; Ge et al., 2012; Yin et al., 2013) and 

benefit from thyroid hormone supplementation (Zhu et al., 2006; Samuels et al., 2007; 

Correia et al., 2009).  Therefore, it may be prudent to more closely monitor thyroid 

hormone status in both current and former smokers to accurately detect potentially subtle 

changes in thyroid function.   

The initial finding presented here was that withdrawal from chronic nicotine 

disrupts the normal levels of circulating thyroid hormones.  Decreased peripheral 

hormone levels could lead to deficiencies in central nervous system hormone levels, and 

therefore affect brain function.  However, in the present study, neither chronic nicotine 

treatment nor withdrawal from chronic nicotine treatment significantly affected global 

brain T3 or T4 levels.  The current results are unable to discern if disrupted learning 

during nicotine withdrawal are due to more localized central nervous system thyroid 

hormone dysregulation since whole brain was analyzed and could obscure region specific 

changes.  For instance, even in the presence of normal levels of T3 in the serum, there is 
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some evidence that decreased hippocampal T3 can impact learning and memory (Ge et 

al., 2012).  Nicotine may drive specific alterations in hormone levels in discrete brain 

regions (i.e., the hippocampus), which was not tested in the present study.  Learning and 

memory may also be affected by changes in peripheral thyroid hormone levels, which 

could induce or reflect changes in metabolic processes (for review see Kim, 2008).   

The current results suggest that nicotine withdrawal significantly reduced serum 

thyroxine levels, and these changes may be responsible for some the cognitive deficits 

associated with nicotine withdrawal.  Thyroid disorders are common, and their treatment 

is relatively straightforward.  The present results demonstrate that supplemental thyroid 

hormone (i.e., levothyroxine) can enhance hippocampus-dependent and hippocampus-

independent learning and memory, and also has efficacy in ameliorating the cognitive 

deficits associated with nicotine withdrawal.  This indicates that changes in thyroid 

function should be monitored in smokers attempting to quit.  Short-term thyroid hormone 

supplementation is a possible therapeutic option, previously unexplored, that may boost 

the efficacy of smoking cessation pharmacotherapies. 
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CHAPTER 5 

CONCLUSION 

This dissertation contributes to the understanding of the neurobiology of learning, 

memory, and nicotine addiction by evaluating the contribution of thyroid hormone and 

thyroid hormone receptor (TR) signaling to these processes.  Several clear relationships 

have appeared through a thorough evaluation of the literature and a careful assessment of 

experiments designed to compare the effects of acute, chronic and withdrawal from 

chronic nicotine on thyroid signaling.  Taken together, it is likely that acute nicotine 

stimulates thyroid signaling, while nicotine withdrawal reduces it.  The relationship 

between chronic nicotine and thyroid function is particularly complex, because certain 

predispositions, such as gender and smoking status, may alter the direction of nicotine’s 

effects on thyroid function. 

The second chapter of this dissertation critically reviewed thyroid hormone 

signaling within the context of the hypothalamic-pituatary-thyroid (HPT) axis.  Thyroid 

hormones play a role in gene expression and their signaling is essential for proper neural 

development function in the adult brain.  There is a the complex relationship between 

cigarette smoking/nicotine on thyroid function and the analysis of epidemiological, 

behavioral, genetic, and pharmacological studies revealed some key findings.  Chronic 

nicotine likely affects individuals differentially, such that smoking cigarettes or exposure 

to nicotine may specifically decrease thyroid function in heavy smokers, women of 

reproductive age, those with subclinical hypothyroidism, and those with autoimmune 

thyroiditis.  In contrast, acute nicotine, second hand cigarette smoke, and chronic 

cigarette smoking/nicotine administration in euthyroid subjects without the 
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aforementioned traits may show elevated thyroid hormones compared to controls.  

Finally, smoking cessation/withdrawal from chronic nicotine can reduce thyroid hormone 

levels.  These risk factors should be considered carefully and thyroid status should be 

closely monitored in cigarette smokers and those attempting to quit smoking cigarettes, 

particularly for those at risk of thyroid disruption. 

The results described in Chapter 3 of this dissertation demonstrated that thyroid 

hormone signaling (i.e., receptor activity) is linked to the acute effects of nicotine on 

hippocampus-dependent learning.  These data suggest that acute nicotine may directly 

stimulate thyroid signaling activity.  Future studies should address if the thyroid 

stimulating effects of acute nicotine contribute to nicotine’s addictive liability.  Further, 

TRβ, but not TRα1, is selectively involved in the effects of acute nicotine on 

hippocampus-dependent learning, as loss of TRβ abolished nicotine’s enhancement of 

learning.  The selective nature of TR subtype involvement in acute nicotine-enhanced 

learning suggests that selective antagonists/agonists may be promising targets for 

pharmacological treatments for nicotine addiction.  While the literature review described 

in Chapter 2 documents sex-based differences in the effect of cigarette smoking on 

thyroid function, the experimental manipulations tested in this dissertation did not reveal 

sex-based differences in responding.  This discrepancy should be further addressed to 

determine what circumstances sex-based differences may occur.   

In Chapter 4, serum thyroid hormone levels (T4) were disrupted during 

withdrawal from chronic nicotine treatment, which may contribute to nicotine 

withdrawal-related deficits in cognition.  Correction of disrupted thyroid hormone 

signaling during nicotine withdrawal may represent a novel therapeutic option for 
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smoking cessation to prevent relapse attributed to cognitive deficits and this possibility 

was investigated in the present studies.  Remarkably, supplemental thyroid hormone was 

able to completely reverse/ameliorate the cognitive deficits associated with nicotine 

withdrawal.  Supplemental thyroid hormone is a well-studied, inexpensive, and a safe 

therapeutic target that is worth future investigation as a supplemental treatment during 

smoking cessation attempts.  The putative efficacy of supplemental thyroid hormone to 

ameliorate certain nicotine withdrawal-associated cognitive deficits underscores the 

importance of monitoring thyroid function in subjects attempting to quit smoking 

cigarettes, as successful treatment of thyroid deficiencies may prevent cognitive deficits 

that hinder quit attempts.   

 The work described in this dissertation provides evidence for a relationship 

between nicotine and thyroid function, such that acute nicotine increases TR activity, 

while withdrawal from chronic nicotine decreases thyroid hormone levels.  Further, 

chronic nicotine may increase or decrease thyroid hormone levels, depending on the 

population examined.  Importantly, nicotine ameliorates hypothyroidism-induced 

cognitive deficits and levothyroxine reverses nicotine withdrawal-induced cognitive 

deficits, suggesting these may be occurring through overlapping mechanisms.  These 

studies provide a basis for future investigation of the interplay between thyroid signaling 

and nicotine use. They also raise the possibility that alterations in thyroid signaling due to 

nicotine use may be successfully treated, leading to a higher quality of life and greater 

success in smoking cessation attempts.  
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