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Abstract 

Title of Dissertation: The Development of levo-Tetrahydropalmatine as a 

Treatment for Nicotine Addiction 

Author: Shamia L. Faison, Doctor of Philosophy, 2015 

Dissertation directed by: Jia Bei Wang, M.D., Ph.D., Professor, 

Pharmaceutical Sciences 

The negative consequences of nicotine use are well known and documented, 

however, abstaining from nicotine use and achieving abstinence poses a major challenge 

for the majority of nicotine users trying to quit. l-Tetrahydropalmatine (l-THP), a 

compound extracted from the Chinese herb Corydalis, has been used clinically in China 

for over 40 years as a sedative and analgesic. l-THP has also displayed utility in the 

treatment of drug addiction, particularly cocaine and heroin addiction. The objective of 

this dissertation was to investigate if the utility of l-THP could be extended to include 

treatment of nicotine addiction. As such, the effect of l-THP treatment on abuse-related 

effects of nicotine was assessed in various behavioral models of nicotine addiction. Once 

the utility of l-THP was determined, the efficacy of l-THP was tested against varenicline 

and bupropion, FDA approved treatments for nicotine addiction. To better understand 

neurochemical changes that occur with l-THP administration, microdialysis experiments 

were performed where it was found that l-THP interacts with the mesolimbic dopamine 

system, a prominent pathway of drug addiction. The efficacy of l-THP in the treatment of 

various models of nicotine addiction and its interaction with the mesolimbic dopamine 

system make l-THP an attractive compound to study concerning nicotine addiction. 



  

Given the long standing safe use of l-THP in China and this new preclinical data, l-THP 

warrants further study and development for the treatment of nicotine addiction.  
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CHAPTER 1: INTRODUCTION 

1.1    Drug Addiction 

Drug addiction is a public health issue that affects the individual addicted to a 

particular substance, as well as the surrounding family and community. It is reported that 

abuse of tobacco, alcohol, and illicit drugs cost the U.S. over $600 billion annually in 

costs associated with crime, lost work productivity, and healthcare 1,2. These statistics 

illustrate the complex intertwining and enormity of an individual’s drug use on all of 

society. 

Drug addiction is marked by compulsion to take a drug, loss of control in limiting or 

restraining intake of a drug, and withdrawal upon cessation of a drug 3-5. When an 

individual has an intense irresistible desire (compulsion) to engage in drug activity, they 

seek out their drug of choice for consumption. This consumption provides euphoria 

which can incite repeated and reckless use as the individual is unable to regulate or 

constrain their use of the drug. The user’s body becomes dependent on the substance. As 

the body becomes dependent on the drug of choice, natural rewards of food, drink, and 

sex are diminished 6.  

Withdrawal occurs when the drug is removed from the user’s body and easy access is 

denied. This stage of the drug addiction cycle is characterized by intense desires 

(cravings) for the discontinued drug. Because the body has become accustomed to drug 

regulated signaling within the brain, the brain functions abnormally when the drug is not 

present. This deficit of signaling within the brain leads to craving 6.  These cravings may 

drive the individual to return to drug use (relapse).  
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Relapse occurs when an individual returns to drug use after a period of abstinence. 

Relapse can occur shortly after the drug has been discontinued or sometime after the drug 

has been discontinued 7. Multiple factors contribute to an individual’s susceptibility to 

relapse; common factors include cravings, stress, and environment 8,9. These factors can 

serve as triggers that initiate drug use, despite genuine efforts and previous success at 

remaining drug free. This addiction cycle continues until the individual is able to remain 

abstinent, or they succumb to the toll addiction takes on their body.  

 

1.2      Dopamine 

The body’s dependency on a drug originates from the alterations in brain 

neurochemistry that make the drug a regulatory controller of brain chemistry. A 

prominent neurotransmitter that is altered through the use of drugs of abuse is dopamine 

(DA) 10,11. Dopamine is synthesized from the amino acid tyrosine 11-13. Once DA is 

synthesized it is stored within vesicles of dopaminergic neurons 12. When DA is released 

from dopaminergic neurons into the synapse it binds dopamine receptors located on 

various other neurons (including the releasing neuron). These receptors have various 

characteristics which in turn induce various actions upon the binding of DA.  

Dopamine is indicated in several functions throughout the body, regulating four major 

pathways: nigrostriatal, mesocortical, tuberoinfundibular, and mesolimbic 14,15.  The 

nigrostriatal pathway is instrumental in regulating voluntary movement and fine motor 

skills 15. Motor deficits and diseases such as Parkinson’s are caused by the degeneration 

of this dopamine pathway 15. The mesocortical pathway is vital to cognitive function and 
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higher order processing 14. This pathway is observed in learning and development. The 

tuberoinfundibular pathway is involved in hormone secretion 16. This pathway namely 

regulates the secretion of prolactin, a hormone necessary for women to lactate during 

pregnancy 16. The mesolimbic pathway is essential to reward and reinforcement 10. This 

pathway is highly indicated in drug addiction and its research. 

 

1.2.1   Mesolimbic Dopamine Pathway 

The mesolimbic pathway is comprised of the ventral tegmental area (VTA), nucleus 

accumbens (nAcb), limbic system, amygdala, hippocampus, and prefrontal cortex 11,17-20. 

This pathway is vital to the signaling of reward and reinforcement in both natural and 

drug reward. The ventral tegmental area is located in the midbrain and is rich with 

dopaminergic neurons 6,8,21,22. These dopaminergic neurons send projections to the nAcb 

located in the forebrain, the nAcb in turn projects to the prefrontal cortex, another 

forebrain region responsible for higher order processing and executive functions 6,22. 

During primary reinforcement, the consumption of a drug of abuse triggers an 

increase of DA within the mesolimbic system. The exaggerated release of DA alters the 

mesolimbic system, causing the drug to become the primary stimuli capable of activating 

the system. This action creates a higher threshold for activation of the mesolimbic 

pathway. In drug addiction, the drug of choice is more desirable and rewarding than other 

stimuli, thus the individual engages in drug-seeking behavior despite potential negative 

consequences. 
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During withdrawal, removal of drug causes a disturbance in DA regulation 7. This 

deficit of monoamines can lead to cravings as well as irritable behavior characterized as 

the nicotine withdrawal syndrome in the case of nicotine 3,7,8,19,23,24. These cravings can be 

intense, causing the individual to relapse into drug use 6. Hence, the release of DA within 

the mesolimbic system is vital throughout the stages of drug addiction, reinforcing first 

time drug use, and triggering craving when drug use is ended.  

 

1.3      Nicotine Addiction 

Nicotine is a psychomotor stimulant that alters numerous systems within the body 

upon its consumption. Nicotine acts on the central nervous system binding nicotinic 

acetylcholinergic receptors (nAChRs) prompting the release of neurotransmitters and 

altering brain neurochemistry. Within the periphery, nicotine causes increased heart rate, 

feelings of alertness, and honed concentration 19,25. These concentrating effects are a 

major attraction to individuals when first engaging in nicotine-seeking behavior. Over 

time, however, these advantageous effects are overshadowed by the addiction developed 

to nicotine.  

There are upwards of one billion smokers worldwide 26. The vast majority of these 

smokers indicate a desire to quit smoking, however, many attempts to quit smoking fail 

19. This burden of nicotine addiction is not limited to tobacco users, but extends to others 

outside of the user and immediate family. The CDC reports an annual economic burden 

of $133 billion in paid medical care for adults as a result of nicotine use and a loss of 

$156 billion in lost productivity within the U.S. alone 1. In addition to the economic 
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burden that is placed on the masses, health consequences of smoking also affect the 

general population. It is reported that exposure to second hand smoke causes 42,000 

deaths annually 1. These statistics verify that nicotine addiction is not only a significant 

problem for individuals struggling with addiction, but for society. 

 

1.3.1   Mechanism of Action 

Nicotine, an alkaloid and addictive ingredient in tobacco 23,27, mediates reward and 

reinforcement through the mesolimbic DA system. Nicotine is an exogenous ligand to 

nicotinic acetylcholinergic receptors (nAChRs); once inhaled from a cigarette, or 

absorbed from chewing tobacco, nicotine binds as an agonist to nAChRs located within 

the peripheral and central nervous system 19,21,28. Binding of nAChRs by agonists trigger 

firing of the neuron coupled to the nAChR. Thus, when nAChRs coupled to 

dopaminergic neurons within the VTA are bound, nicotine prompts firing of these 

neurons. VTA neurons project to the nAcb, mobilizing the mesolimbic pathway and 

reinforcing the reward of nicotine. 

 

1.3.2   Nicotinic Acetylcholinergic Receptor Structure and Action 

 nAChRs are pentameric ligand-gated ion channels that contain a pore which opens 

upon binding agonists 29-31. When the pore is opened, cations flow through the channel 

into the cell causing depolarization. The influx of calcium (Ca
+2

) in particular activates 

voltage dependent calcium channels, which facilitate the release of neurotransmitter 

through the binding of synaptogamin 29,32. Ca
+2

 binds the SNARE protein synaptogamin 
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which mediates exocytosis of neurotransmitter through fusing vesicles (filled with 

neurotransmitter) to the membrane surface and releasing them into the synapse 32. 

nAChRs are found on the terminals of various neurons other than DA including 

gamma-aminobutyric acid (GABA), glutamate (Glu), and serotonin (5-HT) 6,19,23,33-

376,33,34,34,35. Thus, the binding of nicotine to nAChRs evokes changes in many 

neurotransmitter systems. This is seen physically as numerous systems within the body 

from pleasure and appetite suppression (DA system), arousal and cognitive enhancement 

(acetylcholine), and mood modulation (serotonin) 6 are altered through smoking.  

Shortly after nicotine has bound nAChRs, the receptor becomes desensitized and 

closes to the passage of cations 23,29. There are many theories concerning how 

desensitization affects nicotine addiction. Nashmi et al reason that alpha 4 beta 2 

receptors located on GABA neurons are largely desensitized; thus, firing of GABA in 

response to nicotine use decreases as nicotine exposure persists 33,38. Over time, decreased 

GABA inhibition facilitates the release of excitatory neurotransmitters as a result of 

nicotine binding nAChRs. Particularly, an increase in DA release within the VTA and 

nAcb is believed to reinforce the addictive nature of nicotine. Other researchers reason 

that desensitization of nAChRs leads to up-regulation of nAChRs on other neurons. This 

up-regulation allows nicotine to evoke the release of DA (and other neurotransmitters) 

even after other nAChRs have become desensitized 21,36,39,40. The theory of up-regulation 

has been described as enhanced sensitivity of nAChRs to nicotine 39 yet also as physical 

formation of more nAChRs 41. The process of up-regulation, whether by enhanced 

sensitivity or development of more nAChRs is believed to be a key factor in sustained 

addiction to nicotine. In addition to up-regulation theories, there is belief that non-
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desensitized (active) nAChRs influence craving. This craving is cured through smoking 

which desensitizes the nAChR (through binding of nicotine to the receptor) 21. Regardless 

of which theory is the most accurate in depicting the systemic changes that result from 

repeated nicotine use, it is accepted that nicotine is highly addictive and associated with 

significant withdrawal symptoms and cravings upon its discontinued use. 

 

1.3.3   Treatments for Nicotine Addiction 

Many treatments for nicotine addiction have been introduced to the market in an 

effort to curb nicotine addiction and its detrimental health effects. Because damage to the 

body caused by nicotine addiction (smoking in particular) is decreased when smoking is 

stopped 1,6, it is advantageous to attempt to quit smoking. Thus, smoking 

cessation/nicotine cessation products are a marketable commodity as evidenced by the 

variety of products targeted to treat nicotine addiction.  

 

1.3.4   Nicotine Replacement Therapy 

Nicotine replacement therapy (NRT) is a first line method to treat nicotine addiction 

and assist in quitting nicotine use 42,43. NRT is available in numerous forms including 

lozenges, gums, and transdermal patches 6,19,43,44. 

The premise behind NRT is to slowly administer low levels of nicotine to the body to 

reduce withdrawal symptoms and break the association of nicotine reward with smoking 

43,44. NRT delivers low levels of nicotine over time to the body which attenuate the 

hypodopaminergic state caused through termination of nicotine-seeking behavior. 
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Because the delivery of nicotine is slower and at lower levels than nicotine delivered via 

tobacco, steady low levels of nicotine are maintained without creating peak nicotine 

plasma levels associated with the positive reinforcement of nicotine 44. Thus, withdrawal 

symptoms are reduced and the association of tobacco with reinforcement is gradually 

reduced over time. Further, the low levels of nicotine administered have very low abuse 

and dependence potential alleviating the concern of maintained dependence on NRT 43. 

Recently, the FDA announced that the use of NRT prior to complete tobacco 

cessation is safe for those attempting to quit nicotine 45. There are six FDA approved 

methods of NRT that are currently available on the market: transdermal patches, nicotine 

nasal sprays, gums, lozenges, sublingual tablets, and inhalers 19,44. Currently it is not 

advised to combine shorter acting forms of NRT (gums, lozenges, and sublingual tablets) 

with longer acting forms of NRT (transdermal patches), however, the Society for 

Research on Nicotine and Tobacco are advocating for the combined use of NRT products 

45. It is believed that the combined use of NRT products will be more efficacious while 

remaining safe. It has recently been shown that NRT use within patients with 

cardiovascular disease and after myocardial infarctions is safe contrary to the warning 

label accompanying NRT products 43.  However, there are still concerns for individuals 

with diabetes using NRT due to the ability of nicotine to impair insulin sensitivity 43. 

Overall, NRT is a safe treatment for nicotine cessation, however, it is noted that NRT 

should not be used as a stand-alone treatment to stop nicotine use 44. 
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1.3.5   Bupropion 

Bupropion is another first line therapy for nicotine cessation 44. Originally developed 

and marketed as an antidepressant, bupropion displayed efficacy in increasing smoking 

cessation among veterans receiving bupropion for treatment of depression 19.  

Bupropion is a dopamine (DA) and norepinephrine (NE) reuptake inhibitor. Through 

binding DA and NE receptor sites, bupropion prevents the reuptake of the respective 

neurotransmitters from within the synapse 46. The presence of these neurotransmitters in 

the synapse alleviates negative withdrawal symptoms that stem from nicotine cessation 47. 

Newer reports on bupropion make claims that it has affinity for nAChRs acting as an 

antagonist 48,49. Many are reticent to accept these claims as bupropion is still widely 

marketed and described as a DA/NE reuptake inhibitor with no claims to its interactions 

with nAChRs. 

Though bupropion is targeted to assuage nicotine withdrawal symptoms, it is known 

to carry its own adverse effects. Observational studies have stated that 1/3 to 2/3 of 

individuals who use bupropion experience adverse effects, 30% of which discontinue 

treatment as a result of these effects 47. Further, bupropion is contraindicated in patients 

with a history of seizures, bipolar affective disorders, and women who may be pregnant 

as indicated on the product information form accompanying the drug 43,47. Of major 

concern is the black box warning on bupropion due to its potential of increased risk for 

suicidal ideation in children and adolescents with history of psychiatric disorders 43,50.  
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1.3.6   Varenicline 

Varenicline is a nAChR partial agonist. This treatment binds the nAChR, yet does not 

fully stimulate the receptor 51-53. Thus, varenicline is able to alleviate withdrawal 

symptoms of nicotine cessation by desensitizing the active nAChRs described by Dani et 

al 21. Further, partial stimulation of nAChRs induces the release of DA within the 

synapse, alleviating the hypodopaminergic state. Varenicline also acts as a competitive 

antagonist in the presence of nicotine 43. Because both varenicline and nicotine compete 

for the same limited nAChRs, when varenicline binds the receptor it prevents nicotine 

from binding and executing addictive effects. It is reported that varenicline displays its 

greatest and most sustained success rate when combined with cognitive-behavioral 

interventions 42. 

Varenicline is reported to be safely tolerated by individuals with cardiovascular 

disease and chronic obstructive pulmonary disease (COPD) 43,54,55. Varenicline like 

bupropion, however, carries a black box warning for its increased risk of psychiatric 

symptoms and suicidal ideation in patients with a history of psychiatric illness 43,50. 

 

1.3.7   The Need for New Solutions for Nicotine Addiction 

The contraindications of NRT, bupropion, and varenicline along with the black box 

warnings of bupropion and varenicline highlight a persistent exigency within the 

treatment of nicotine addiction. Adding to this need for new and effective treatments is 

the daunting 80% failure rate in initial attempts to quit nicotine use 19. These needs set the 
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stage for the research and development of novel and modified treatments for nicotine 

addiction. 

Nicotine vaccines are novel methods that are being developed to aid individuals in 

their quest to quit nicotine. The premise behind nicotine vaccines is to block future 

nicotine absorption in the brain 56. Nicotine vaccines create antibodies to nicotine with the 

intent of reducing the amount of nicotine that enters the brain to bind nAChRs, and 

ultimately creates addictive effects 43,53. This approach however, has drawbacks as the 

nicotine molecule is too small to be identified by the body’s immune system. This 

intervention is only feasible if the nicotine molecule is attached to a larger carrier protein 

and subsequently introduced to the body 43.  An additional downside to this treatment is 

the delay of action; it takes time to generate an efficient immune response that will inhibit 

nicotine from entering the brain and binding receptors 43. This novel approach however, 

has a unique advantage in that daily administration of treatment would not be needed if 

vaccination is effective. The vaccine would be capable of generating antibodies for 6-12 

months, booster shots, however, would be required periodically to maintain effective 

antibody levels 43. Current research with nicotine vaccines display mixed results 

concerning the success and amount of antibodies generated within patients 43.  

An additional contemporary approach to nicotine addiction is that of E-cigarettes. 

Though E-cigarettes are not considered a smoking cessation product 57-60 they are worthy 

of note because of their increasing acclaim and delivery of nicotine. E-cigarettes are 

battery powered cigarettes that use heat to vaporize nicotine for rapid delivery to the 

brain 59. Research has shown that the use of E-cigarettes reduces craving and desire to 

smoke 61; however, these products are not considered smoking cessation tools because of 
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the current lack of evidence to support these claims. E-cigarettes are not currently FDA 

approved or regulated 59. As they become more popular and commercially available more 

research and exploration will need to be done to determine their utility and place, if any, 

within novel solutions for nicotine addiction and harm reduction. 

A common area of treatment that is often over looked in terms of medication is that of 

herbal remedies. Specific to drug addiction, a class of Chinese compounds, tetra-

hydroprotoberberines (THPBs) have been identified as having anti-drug addiction effects 

62. The THPB family is comprised of numerous analogues, of which l-Stepholidine (l-

SPD), l-Isocorypalmine (l-ICP), and l-Tetrahydropalmatine (l-THP) have received the 

most research attention 63,64. l-SPD is believed to have utility as an antinociceptive as well 

as an anti-drug addiction compound 62. It is believed that l-SPD’s antagonistic effect on 

both D1 and D2 receptors is responsible for its efficacy as an analgesic and treatment of 

drug addiction 62. l-ICP has shown utility in reducing behavioral effects of cocaine; this 

utility is attributed to binding of D1 and D5 receptors as a partial agonist 64.  l-THP is also 

believed to have efficacy against drug addiction 62,65. This compound has undergone 

recent studies and research to better understand its characteristics and its potential role in 

the campaign against drug addiction.  

 

1.4   levo-Tetrahydropalmatine (l-THP)  

l-THP is purified from the Chinese plant Corydalis  66-69. This plant contains a mixture 

of herbs that together are approved for clinical use (in China) for their sedative, 

neuroleptic, and analgesic effects; l-THP is a chief active ingredient in this mixture 
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(Figure 1.1) 65. Purified l-THP is also approved for clinical use as a sedative as well as an 

analgesic and has been distributed under the drug name “Rotundine” for decades 65.  

Though l-THP is clinically approved for use in China and has been used safely and 

efficaciously for years, its precise mechanism of action to bring about therapeutic effect 

is still largely unknown. It is known, however, that l-THP binds to D1, D2, D3, serotonin 

(5-HT), and alpha-1 adrenergic receptors antagonistically while binding to alpha-2 

adrenergic receptors as an agonist (Figure 1.2) 65,68. It is also noted that l-THP has its 

highest affinity at the D1 receptor 63,65. This binding profile allows l-THP to alter 

numerous monoamine and other neurotransmitter systems to bring about therapeutic 

effects.  
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Figure 1.1. Structure of l-THP 

l-THP is a chiral alkaloid purified from the Chinese plant Corydalis. It is a heterocyclic 

isoquinoline containing both benzene and pyridine rings with hydroxyl ends. (Figure 

obtained from Wang 2012) 65.
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Figure 1.2. l-THP binding sites  

The exact mechanism of action of l-THP is unknown. However, it is known that l-THP 

has affinity for various receptors. This broad binding profile allows l-THP to alter 

multiple neurotransmitters. A) DA transmission in the absence of l-THP. B) l-THP 

binding sites and the resulting DA accumulation in the synapse. I) l-THP can bind D1 

receptors post-synaptically as an antagonist, blocking DA from binding the receptor, 

leaving DA to accumulate in the synapse. II) l-THP can bind as an antagonist to D2 

autoreceptors located on the pre-synaptic neuron. Agonists to D2 autoreceptors inhibit 

DA release 70. Blocking autoreceptors creates a disinhibition response resulting in the 

release of DA which then accumulates in the synapse. III) l-THP can bind to other DA 

receptor subtypes such as D3. Given that D3 antagonists at doses of 5 mg/kg have 

inhibited self-administration of cocaine (psychostimulant) 71, it is possible that l-THP 

binding to D3 receptors may further influence the efficacy of l-THP concerning drug 

addiction. The binding of multiple DA receptor subtypes (D1, D2, D3) separates l-THP 

from traditional DA receptor antagonists (e.g., haloperidol, binds D2) which may induce 

extrapyramidal effects. The binding of multiple DA receptors is a possible explanation 

for reduced side effects of l-THP. IV) l-THP can bind other monoamine receptors and 

GABA receptors which in turn influence the activity of the post-synaptic neuron. l-THP 

has affinity for 5-HT1A receptors, by binding antagonistically to 5-HT1A receptors l-THP 

blocks the inhibitory actions of 5-HT1A which in turn facilitate excitatory actions from 5-

HT. l-THP also has affinity for alpha-1 adrenergic receptors as an antagonist and alpha-2 

adrenergic receptors as an agonist, this activity at adrenergic receptors promotes 

parasympathetic activity. Further, l-THP binds GABA as an allosteric modulator. The 
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binding of l-THP to DA receptors underlies the changes in DA concentration that have 

been observed within the synapse, while the diverse overall binding of l-THP may 

underlie its drug addiction treatment utility. (Figures modified from the DB-DR4 

database project) 72.  
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The ability of l-THP to modify numerous neurotransmitter systems including DA 

makes it attractive to the drug addiction field because of the known influence drugs of 

abuse have on the DA system. Traditional treatments that antagonize DA receptors (e.g., 

haloperidol) usually result in side effects involving motor impairments due to negative 

effects on the nigrostriatal pathway 65. l-THP, however, displays a distinct difference in 

doses that reduce responding for drug self-administration (mesolimbic pathway) and 

doses that induce sedation (nigrostriatal pathway) 65. It is believed that varying affinities 

for DA receptors may underline this dose-dependent effect 65. Further, l-THP is not 

reported to be addictive. Thus, use of l-THP in drug addiction treatment should not 

induce dependence on l-THP. The affinity of l-THP at various monoamine receptors may 

be a mechanism by which l-THP reduces responding for drug, yet does not on its own 

trigger reward. These characteristics of l-THP make it a notable compound for study in 

the treatment of drug addiction. 



  

19 

 

1.4.1   l-THP and Cocaine Addiction  

l-THP has been studied closely by various labs regarding its advantageous effects 

against cocaine addiction. Preclinical studies of l-THP effects on locomotor activity, 

cocaine self-administration, cocaine extinction, and brain-stimulation have been 

conducted in the rat model to better understand and illustrate the profile of l-THP in the 

presence of cocaine.  

Studies have yielded inconclusive reports on the dose of l-THP that elicits sedative 

effects on locomotor activity 66,73. These studies serve as controls, displaying the effects 

of l-THP alone on locomotor activity. These studies, however, do not give insight to the 

effect of l-THP on locomotor activity when given in combination with cocaine. Because 

l-THP has sedative effects, and cocaine is a psychomotor stimulant known to increase 

locomotor activity 74,75, it is plausible to believe l-THP may have a protective effect on 

cocaine induced locomotor sensitization. Further, because l-THP would be given in 

combination with cocaine in treatment, it is reasonable to investigate the l-THP/cocaine 

interaction on locomotor activity, which is currently lacking in the field. 

Different studies of cocaine self-administration with l-THP have produced conflicting 

results. Mantsch et al reported in 2007 that l-THP at doses 3.75 mg/kg, 7.5 mg/kg, and 15 

mg/kg significantly reduced cocaine-seeking behavior in rats under a fixed-ratio (FR) 

schedule of reinforcement 66. Xi et al, however, reported in the same year that l-THP at 

doses 1 mg/kg, 3 mg/kg, and 10 mg/kg increased cocaine-seeking behavior in rats under a 

FR schedule of reinforcement 73. Xi reasoned that l-THP is still advantageous against 

cocaine addiction and that the increase in cocaine-seeking behavior was due to the fact 
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that l-THP diminished the rewarding value of cocaine. The diminished value of cocaine 

in turn caused rats to take more infusions to compensate for the lack of reward 

experienced when receiving an infusion of cocaine 73. Differences in protocol and self-

administration schedules may be the cause of these disparate findings. Xi et al also report 

in the same study that the same doses of l-THP that increase cocaine-seeking behavior 

under FR significantly lowered the break point for cocaine under progressive-ratio (PR). 

In 2010 Mantsch et al reported findings on l-THP’s effect on cocaine self-administration 

using a PR schedule. These findings showed that 3.75 mg/kg and 7.5 mg/kg l-THP 

significantly reduced the breakpoint for cocaine 67. This 2010 data supports Xi’s 2007 

findings that l-THP significantly reduced the reinforcing efficacy and break point of 

responding for cocaine 73. These data suggest that l-THP reduces the rewarding value of 

cocaine as rats are no longer willing to work as hard to receive cocaine reward. This 

finding suggests that l-THP may be useful in weaning individuals off of cocaine use by 

diminishing the reward experienced by cocaine use, making the cocaine habit easier to 

break. 

In addition to cocaine self-administration studies, experiments have been conducted 

on the potential of l-THP to block reinstatement (i.e., relapse) to cocaine use. Mantsch et 

al reported in 2007 that 3.75 mg/kg and 7.5 mg/kg l-THP significantly lowered 

reinstatement to cocaine self-administration after extinction 66. This finding suggests that 

l-THP may be useful in preventing individuals from relapsing into cocaine use once they 

have successfully quit.  

Microdialysis studies have been performed to better understand the unknown 

mechanism behind l-THP’s effects on drug-seeking behavior and reinstatement to drug-
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seeking behavior. It is reported that l-THP dose-dependently inhibited cocaine enhanced 

brain stimulation reward 73. This finding further validates behavioral findings that l-THP 

is capable of diminishing the rewarding value of cocaine. Further, l-THP increased 

extracellular DA within the nucleus accumbens 73. This increase of DA is vital in 

treatment of the hypodopaminergic state associated with withdrawal and craving.  

The summation of l-THP data on cocaine abuse related effects creates a valid claim 

that l-THP holds promise as an efficacious treatment for cocaine addiction. l-THP may be 

useful in reducing the rewarding value of cocaine such that individuals are more capable 

of ending their cocaine use. Further, once ending cocaine use, with l-THP, individuals 

may be more equipped to resist cravings to relapse into cocaine use.  

 

1.4.2   l-THP and Other Drugs of Addiction  

While cocaine has received the most attention and research concerning the treatment 

potential of l-THP, recently other drugs of abuse are being studied with l-THP as a form 

of treatment. The activation of the mesolimbic dopamine system is the shared mechanism 

between these drugs of addiction and l-THP’s seemingly advantageous effect on each 

drug. The unique binding of multiple DA receptors and other monoamine receptors 

allows l-THP to exert influence on the mesolimbic system and various other 

neurotransmitter systems. This influence on signaling within the brain may be a cause of 

l-THP’s efficacy against various classes of drugs of abuse.  

Recently, l-THP has been studied with ethanol and found to reduce preference and 

consumption of alcohol 76. Mechanistic studies with l-THP and ethanol suggest that 
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reduced ethanol consumption after l-THP treatment may be correlated with D2 receptor 

signaling 76. In addition to effects on ethanol, l-THP has demonstrated utility against 

methamphetamine reward; reducing acquisition to methamphetamine preference, 

facilitating extinction from methamphetamine use, and blocking reinstatement to 

methamphetamine use 77. Taken together, these studies demonstrate the utility of l-THP 

as a treatment for drug addiction to both depressant (alcohol) and psychostimulant 

(methamphetamine) classes of drugs. 

l-THP further displays both pre-clinical and clinical utility in the treatment of opiate 

(heroin) addiction. l-THP, at doses which did not alter or impair motor function, reduced 

self-administration of heroin and blocked heroin induced reinstatement 69. Further, 

previous clinical studies in China demonstrated efficacious use of l-THP in treatment of 

heroin addiction. A 2008 pilot study involving 120 heroin-dependent participants found 

that treatment with l-THP after detoxification significantly reduced withdrawal symptoms 

as compared to participants receiving placebo 78. Further, patients treated with l-THP 

maintained a greater abstinence rate (47.8%) compared to placebo (15.2%) when 

observed three months after detox and treatment 78.  

The use of l-THP in treatment of drug addiction across various classes of drugs is 

very unique. This characteristic creates excitement for the development of treatments to 

addictions that currently have no treatment or currently have inadequate regimens of 

treatment. One addiction that may benefit from this development is that of nicotine 

addiction. 
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1.4.3   l-THP and Nicotine Addiction  

Despite numerous products and therapies advertised on the market, 80% of 

individuals attempting to discontinue nicotine use fail at their first attempt 19. This dismal 

success rate is due in part to an inadequate approach to treating nicotine addiction. l-

THP’s diverse binding and effect on multiple neurotransmitter systems (as does nicotine) 

may be able to provide a more efficient regimen of treatment for nicotine addiction. 

l-THP has displayed efficacy in treatment of addiction to psychomotor stimulants as 

evidenced through the favorable effects of l-THP on cocaine and methamphetamine 

addiction. These fortuitous findings hold promise that l-THP may be beneficial in the 

treatment of nicotine, another psychomotor stimulant drug of abuse that influences the 

mesolimbic dopamine system. The commonality of mesolimbic system activation in the 

acquisition of addiction to both cocaine and nicotine may be addressed with the unique 

binding properties of l-THP to diverse monoamines within the brain. The antagonistic 

nature of l-THP on post-synaptic D1 receptors should disrupt the effects of nicotine on 

DA release in the mesolimbic system. Further, the action of l-THP at D2 autoreceptors 

may also disrupt signaling of reward in the mesolimbic system. The displayed ability of l-

THP to increase extracellular DA within the nAcb may be a mechanism by which l-THP 

is useful in preventing the hypodopaminergic state and protecting against reinstatement to 

nicotine-seeking behavior. Still, the activity of l-THP at 5-HT1A, alpha-1 adrenergic, and 

alpha-2 adrenergic receptors may also hold responsibility for any advantageous effects of 

l-THP treatment of nicotine addiction. Given these various methods through which l-THP 

may exert its effects, and the displayed utility of l-THP with treatment of addiction to 
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psychomotor stimulants, l-THP possesses great potential as an answer to the void within 

nicotine addiction treatment. 

 

1.5   Hypothesis and Specific Aims 

The current collection of studies sought to address the hypothesis that l-THP is able to 

influence signaling within the mesolimbic dopamine system to effectively ameliorate 

nicotine addiction as seen through reduced nicotine sensitization, self-administration, and 

reinstatement to nicotine self-administration after cessation. This hypothesis was tested 

using three specific aims.  

Specific aim one sought to investigate the efficacy of l-THP to attenuate nicotine 

induced hyperactivity, nicotine self-administration, and reinstatement to nicotine-seeking 

behavior within the rat preclinical model. These studies examined the effect of l-THP 

treatment on nicotine induced hyperactivity and sensitization via locomotor testing. 

Further, these studies established a rat model of nicotine self-administration and 

examined the effect of l-THP treatment on animal responding for nicotine as well as the 

protective effect of l-THP against combined nicotine and cue- induced reinstatement.  

Specific aim two built upon the findings of specific aim one by adding a comparison 

element to self-administration and reinstatement studies. The efficacy of l-THP was 

compared to FDA approved drugs for treatment of nicotine addiction. Bupropion and 

varenicline were used as comparison treatments in these studies and were evaluated for 

their treatment of nicotine self-administration as well as combined nicotine and cue-
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induced reinstatement. These studies gave testament to the utility of l-THP within a 

market with current available treatments. 

Specific aim three sought to gain knowledge of neurochemical changes induced by l-

THP. These studies established a microdialysis model and examined changes within the 

nAcb as caused by l-THP, nicotine, l-THP and nicotine, varenicline and nicotine, and 

bupropion and nicotine. These studies provided crucial missing data on changes induced 

within the mesolimbic DA system by l-THP alone as well as in combination with 

nicotine. Taken together the experiments conducted under these specific aims begin the 

work needed within the drug development pipeline to develop l-THP into a treatment for 

nicotine addiction. 
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CHAPTER 2: THE EFFECTS OF l-THP ON BEHAVIORAL 

MODELS OF NICOTINE ADDICTION 

 

2.1     Introduction 

Many animal models have been developed to investigate drug-seeking behavior 1. 

These models give insight to physiological as well as behavioral changes induced by 

particular drugs of abuse. The results can be extrapolated to infer the effects that may be 

seen in humans. Thus, these preclinical models provide crucial insight on how a drug is 

tolerated before it is used in humans.  

The gold standard of drug addiction behavioral testing in animals is self-

administration. These studies most closely mimic the human propensity to engage or 

disengage in drug-seeking behavior. Through operant conditioning, animals are trained to 

respond for infusions of drug, where increased infusions constitute reinforcement of 

drug-seeking behavior 1. This model can be manipulated to include treatment with 

compounds prior to animal placement in operant chambers. This derivative of the self-

administration model allows for evaluation of different treatments on drug-seeking 

behavior. This use of the self-administration model is used extensively in preclinical drug 

development. 

Reinstatement testing, another derivative of self-administration testing, is also used in 

drug development. This form of the model mimics the relapse stage of drug addiction 1. 

Behavior is assessed upon reintroduction of the drug of abuse after a period of 

abstinence. Animals may resume previous drug-seeking behavior, or refrain from 

previous drug-seeking behavior. This model can also be manipulated to include treatment 
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prior to animal placement into operant chambers. Treatment with either pharmacological 

compounds or a physical stressor can influence animal reinstatement behavior. In drug 

development, pharmacological compounds that are able to reduce reinstatement are 

highlighted as compounds that may potentially thwart relapse into drug use.  

Other behavior models are also used in drug development to assess the effects of 

drugs and novel compounds. Locomotor activity assays allow evaluation of a drug’s 

effect on animal mobility. By recording an animal’s movements in the presence and 

absence of a compound, one can observe changes in ambulatory ability. In particular, 

locomotor studies can be used to identify and evaluate sedative and hyperactive effects of 

a drug. Food studies allow for the evaluation of a drug’s effect on natural reward. 

Through training an animal to respond for food (within an operant conditioning 

chamber), one can test the effects of treatment with different compounds on motivation 

and desire to work for natural reward. This information can yield insight of potential 

effects a drug may have on appetite and operant behavior in general.  

These animal behavior models contribute valuable information regarding the effects 

of test compounds in vivo. These models also provide implications on the effects of test 

compounds within human populations. For these reasons, all of these models were used 

in testing l-THP to understand its profile and utility in treating nicotine addiction. With 

this rationale, we set out to explicate the effect of l-THP pretreatment on the intake of 

nicotine in rats trained to self-administer nicotine. After discovering the effects of l-THP 

on nicotine self-administration, we tested the effects of l-THP on reinstatement to 

nicotine self-administration. Locomotor and food studies were used as controls for effects 

of l-THP on sedation and natural reward respectively.  
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2.2     Materials and Methods 

Drugs 

Nicotine hydrogen tartrate salt (Sigma Aldrich, St. Louis, MO) was dissolved in 0.9% 

NaCl (Hospira, Inc, Lake Forest, IL) with pH adjusted to 7 using sodium hydroxide. l-

THP (base), was acquired from Wuxi Gorunje Technology Co., LTD. The reported purity 

of l-THP was assessed by high performance liquid chromatography (HPLC) where the 

purity was determined as 98.85%. l-THP was dissolved in 2% tween 80 (Sigma Aldrich, 

St. Louis, MO), 3% ethanol (Sigma Aldrich, St. Louis, MO), and 95% sterile water 

(Hospira, Inc, Lake Forest, IL). Ketamine HCl was supplied through NIDA pharmacy. 

Xylazine was supplied from Sigma Aldrich, St. Louis, MO. 

 

Subjects 

Male Sprague-Dawley rats (Charles River) weighing 300-325g at the beginning of the 

study were individually housed and maintained in temperature and humidity controlled 

facilities fully accredited by AAALAC. Animals were housed on a 12h/12h dark/light 

cycle (lights out from 8:00am to 8:00pm). Behavioral experiments were conducted in the 

dark phase. All experimental procedures were conducted in accordance with guidelines of 

the Institutional Animal Care and Use Committee of the Intramural Research Program 

National Institute on Drug Abuse, National Institutes of Health, Department of Health 

and Human Services and the University of Maryland, Baltimore. 
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Catheterization surgery 

Jugular vein catheter implantations were performed as described in Solinas et. al 2. 

Briefly, animals were anesthetized under ketamine/xylazine (100 mg/kg, 10 mg/kg), 

implanted with a catheter in the jugular vein and a mesh-based backmount just below the 

shoulder blades. Rats were allowed to recuperate for at least five days after surgery.  

 

Nicotine self-administration 

After the recuperation period, animals began self-administration training (Coulbourn 

Instruments, Whitehall, PA). During 2-hr training sessions, nose pokes to the correct hole 

resulted in an infusion (Harvard Apparatus, Holliston, MA) of 0.03 mg/kg nicotine (0.1 

mg/ml concentration) delivered over 2-sec followed by a 20-sec timeout period during 

which house lights flashed on and off. Training began under a fixed-ratio (FR) 1 schedule 

of reinforcement. Once a rat received >10 reinforcements for three consecutive sessions, 

the response criteria was increased incrementally to FR 2, FR 3, and finally FR 5. Once a 

rat responded >10 infusions for five consecutive sessions, 30 min pretreatment with 

saline (i.p.) or l-THP (3 mg/kg, 5 mg/kg i.p.) began. Repeated testing consisted of three 

consecutive days during which rats were pretreated with one of the aforementioned drugs 

and allowed to self-administer nicotine during 2-hr sessions. 

 

Nicotine extinction 

Extinction occurred in the same chambers as self-administration (SA); however, drug and 

environmental cues were removed. Thus, the infusion and 20-sec timeout did not occur 

after the FR 5 criterion was met. Rats were trained under extinction criteria for at least 
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five sessions or until responding was at or below 25% of nicotine baseline responding. 

Once this criterion was met, reinstatement testing began. 

 

Nicotine reinstatement 

Reinstatement was tested over three consecutive days. Days 1 and 2 were identical to 

extinction (drug and environmental cues were absent), the only difference was the 30 min 

pretreatment of rats with saline (i.p.) or l-THP (3 mg/kg, 5 mg/kg i.p.) before placement 

into chambers. On day 3, animals were identically pretreated and received nicotine (0.3 

mg/kg s.c.) 5 min before placement into the chamber. On day 3, infusions of saline were 

delivered after the FR 5 criteria were met and the 20-sec time out after infusion was 

reintroduced, nicotine however was not available following responding. 

 

Nicotine hyperactivity testing 

Nicotine-induced hyperactivity testing was conducted over the course of 14 one-hour 

sessions. Rats were allowed to acclimate to the chambers for two sessions. Baseline 

readings with injections of saline 30 min and 5 min before placement into locomotor 

chambers were then taken for four sessions. On the seventh session, pretreatment with 

either l-THP (3 mg/kg, 5 mg/kg i.p.) or saline (i.p.) was given 30 min before placement 

into the chamber followed by an injection of saline 5 min before the start of the session. 

During sessions 8-13 rats were pretreated with l-THP or saline 30 min before the start of 

the session, followed by and injection of 0.4 mg/kg nicotine (s.c.) 5 min before the start 

of the session. In session 14 (Nic Challenge) rats received only a challenge dose of 0.4 

mg/kg nicotine 5 min before the start of the session.  
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l-THP locomotor control  

Because l-THP is known to induce sedation at higher doses, the effect of l-THP (3-5 

mg/kg) on locomotor activity was assessed in separate rats tested in locomotor chambers. 

Rats were allowed two sessions to acclimate to locomotor chambers (Med Associates Inc, 

Georgia, VT). After the acclimation period, rats were pretreated with l-THP in escalating 

doses (0, 3, 4, 5 mg/kg i.p.) 30 min before locomotor sessions began. Five minutes before 

placement into locomotor chambers, rats received an injection of 1 ml/kg saline. This was 

done to mimic the time frame of injections in the hyperactivity testing. Rats were then 

allowed to move freely in locomotor chambers for 1 hr sessions. 

 

 l-THP food control 

To ensure l-THP had no effect on response for natural reward, food studies were 

conducted in behavioral chambers (Med Associates Inc, St. Albans, VT). Rats were 

trained to nose poke under an FR 10 schedule to receive sucrose pellets. A timeout of 20-

sec occurred after each pellet delivery and sessions timed out after 1 hr. Once animals 

received the maximum number of pellets (40 pellets) in the session for three consecutive 

sessions, l-THP testing began. Rats were pretreated with 0, 3, 5, 7, or 9 mg/kg l-THP in 

escalating order prior to food reinforcement sessions. 

 

Statistics 

Statistical analysis was carried out by GraphPad 5.00 for Windows (La Jolla, CA). 

Student’s t-test, one-way, or two-way ANOVA were used to assess significance 

according to experimental design. When appropriate, one- and two-way ANOVA were 
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followed by Bonferroni post hoc test of significance. Significance was reported at p< 

0.05 or lower.  All analyses were performed on the raw data.  For data presentation, a 

percent of control measure was used to enhance visualization of the observed effects. The 

percent of control was calculated by taking the three day mean of individual rats within 

the same treatment group and dividing it by the three day mean of the entire treatment 

group during nicotine baseline. The test average is presented as a percentage of the 

nicotine baseline. 

 

2.3     Results 

Effect of l-THP on nicotine self-administration  

To assess the efficacy of l-THP in nicotine treatment, naive rats were trained to self-

administer nicotine under an FR schedule of 5. Once animals responded at ≥ 10 infusions 

for three consecutive sessions, they were treated with l-THP (3 mg/kg or 5 mg/kg) 30 min 

before placement into self-administration chambers. Both doses of l-THP displayed a 

trend of lowering the average number of nicotine infusions taken per session. The effect 

of 3 mg/kg l-THP was not statistically significant however; 5 mg/kg l-THP treatment was 

significant (figure 2.1). A significant effect of session (baseline vs. l-THP testing) [F (1, 

21) = 6.646, p<0.05] was revealed in two-way ANOVA analysis. The test average of 5 

mg/kg l-THP was significantly reduced in comparison to nicotine baseline (t-test, p 

<0.001). Figure 2.2 displays the effects of l-THP on nicotine self-administration on each 

day of the three-day testing period. The 5 mg/kg dose of l-THP significantly reduced 

responding on all three days of testing. 
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Figure 2.1. Dose effect of l-THP on nicotine self-administration 

l-THP altered nicotine self-administration in animals trained to stably respond for 

nicotine. Each pretreatment was tested for three consecutive days. Infusions per session 

were averaged over five days of training (Nic Baseline) and three days of treatment (Test 

Avg) respectively. Saline had no effect on nicotine self-administration, while l-THP at 5 

mg/kg displayed a significant effect. ***p<0.001, t-test between Test Avg and Nic 

Baseline, n= 6 per group, 3 mg/kg l-THP group n=12. 
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Figure 2.2. Effect of l-THP on repeated nicotine self-administration 

Session breakdown of pretreatment across three days of repeated testing of nicotine self-

administration. l-THP displayed a consistent trend of reducing responding for nicotine, 

however, only 5 mg/kg l-THP was significant. Two-way ANOVA with Bonferroni post 

hoc analysis. All treatment groups were compared to saline treatment, **p<0.01, 

***p<0.001.  
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Effect of l-THP on combined cue and nicotine-induced reinstatement of drug-seeking 

At the completion of self-administration testing, extinction was imposed by removing 

nicotine-associated cues (20-sec time out and infusions). Rats responded at low levels 

below 25% of baseline responding for nicotine. Reinstatement testing was used to model 

the effect of l-THP on the prevention of relapse to nicotine-seeking behavior. During 

reinstatement, rats were pretreated with saline (1 ml/kg) or l-THP (3 mg/kg or 5 mg/kg) 

and later challenged with 0.3 mg/kg nicotine 5 min before entering the chambers. Cues 

present during drug-seeking were restored and saline infusions were delivered upon 

meeting FR 5 criteria during reinstatement. Figure 2.3 illustrates that pretreatment with 

both doses of l-THP significantly blocked reinstatement to nicotine-seeking behavior 

while pretreatment with saline did not. Two-way ANOVA with the defining factors of 

session (nicotine baseline vs. reinstatement) and pretreatment (saline vs. l-THP) revealed 

a significant effect of interaction between session and pretreatment F(4, 45) = 2.784, 

p<0.05 and session, F(2,45) = 52.84, p<0.0001.  
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Figure 2.3. Effect of l-THP on reinstatement to nicotine-seeking behavior 

All groups extinguished nicotine-seeking behavior when environmental cues of time out 

flashes and pump infusions, as well as nicotine were removed. Reinstatement consisted of 

a nicotine priming injection 5 min prior to the session as well as reintroduction of the 

aforementioned environmental cues associated with nicotine infusions during the session. 

No nicotine infusions were available during the session.  Both doses of l-THP 

significantly blocked responding during reinstatement testing from reaching nicotine 

baseline levels. All comparisons were made against Nic Baseline within group, two-way 

ANOVA, n=6 per group, ***p<0.001. 
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Effect of l-THP on nicotine-induced hyperactivity  

The psychostimulant effects of nicotine can manifest in the form of locomotor 

hyperactivity. To assess the ability of l-THP to reduce psychostimulant effects of 

nicotine, hyperactivity testing was conducted (figure 2.4). Figures 2.5 and 2.6 display the 

effect of l-THP on nicotine induced hyperactivity. Rats were acclimated to locomotor 

chambers with no injections followed by baseline in which rats were injected with saline 

30 min and 5 min before placement into the locomotor chamber. After four days of 

baseline, rats were pretreated with l-THP or saline and injected with nicotine (Nic 

Administration) according to the same time frame as baseline. During nicotine challenge 

(Nic Challenge), rats were only injected with nicotine 5 min before placement into the 

locomotor chamber. l-THP significantly reduced nicotine-induced hyperactivity when 

administered as a pretreatment in the nicotine administration phase, two-way ANOVA 

with the defining factors of session (baseline vs. nicotine administration vs. nicotine 

challenge) and pretreatment (saline vs. l-THP) revealed an effect of pretreatment [F (2, 

231) = 5.412, p<0.01, n=24] and session [F (2,231) = 17.22, p<0.0001, n=24]. Saline did 

not block nicotine-induced hyperactivity. Bonferroni post hoc analysis showed significant 

differences between l-THP and saline treated animals (p<0.001) during nicotine 

administration. When l-THP was removed on test day, previous l-THP treated animals 

that displayed no hyperactivity, rebounded to display hyperactivity comparable with 

saline treated animals (t-test analysis of l-THP baseline and l-THP test-day yielded a 

significance of  p<0.001). 
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Figure 2.4. Outline of hyperactivity experiments 

Visual depiction of hyperactivity studies outlined in materials and methods.  
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Figure 2.5. Session breakdown of data collected over 14-day hyperactivity 

experiment 

Distance v. time (Day) graph of hyperactivity testing. All groups displayed similar 

locomotor behavior during acclimation, baseline, and pretreatment test (days 3-8). When 

nicotine was administered after pretreatment (days 9-13) groups began to display 

differences. l-THP pretreated groups did not display hyperactivity on par with the saline 

pretreated group. On day 14, only nicotine was administered to all groups, the l-THP 

pretreated groups displayed hyperactivity compared to their previous locomotor 

movements in days 9-13. * denotes significant difference between saline and l-THP 

groups. * p<0.05, n= 8 per group. 
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Figure 2.6. l-THP effect on nicotine induced hyperactivity 

l-THP displayed a protective effect against nicotine induced hyperactivity. In testing of 

hyperactivity, all rats were pretreated with two injections of saline (one 30 min the 

second 5 min before placement into locomotor chambers) during the baseline phase. In 

the nicotine administration phase (Nic Admin) rats were pretreated with their respective 

treatment 30 min before placement into chambers and treated with nicotine 5 min before 

placement into chambers. During the nicotine administration phase rats pretreated with l-

THP did not display hyperactivity compared to their respective baseline activity. Rats 

pretreated with saline did display hyperactivity compared to their baseline. During the 

nicotine challenge (Nic Challenge) all rats received only one injection of nicotine (0.4 
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mg/kg s.c.) 5 min before placement into locomotor chambers. All rats displayed 

hyperactivity in comparison to baseline in this phase. Rats previously pretreated with l-

THP who did not display hyperactivity during the nicotine administration phase 

rebounded to display hyperactivity when l-THP was not presented before nicotine. Two-

way ANOVA, * denotes within group comparison to baseline, **p<0.01, ***p<0.001, + 

denotes between group comparison of l-THP and saline during Nic Admin, student paired 

t-test, +++ p<0.001, n= 8 per group. 

 

Effect of l-THP on locomotor activity 

Given the potential for l-THP to induce sedative effects, it was crucial to ensure that the 

efficacious doses of l-THP concerning nicotine addiction did not create sedative effects. 

To this end, the effect of l-THP on locomotor activity was tested. Rats were acclimated to 

locomotor chambers for two days without injections. Rats were then pretreated with l-

THP or saline 30 min before placement into locomotor chambers and saline 5 min before 

placement into locomotor chambers. Animals were run in this manner for six days. The 

dose of l-THP was increased incrementally from 3 mg/kg to 5 mg/kg with at least 5 days 

of saline in between treatment doses. Figure 2.7 displays that l-THP alone in the 

therapeutic range of 3-5 mg/kg did not affect locomotor activity. No significant 

difference was found between the mean distance traveled by animals pretreated with l-

THP and those pretreated with saline (all p’s >0.14). 
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Figure 2.7. l-THP locomotor control  

l-THP displayed no sedative effects on ambulatory ability. In locomotor testing, rats were 

acclimated to locomotor chambers for two days. Rats were then pretreated with saline or 

l-THP 30 min before placement into locomotor chambers and treated with saline 5 min 

before placement into locomotor chambers. Rats were trained under this protocol for six 

consecutive days. No significant difference was found in locomotor activity between 

saline and l-THP between the doses of 3-5 mg/kg, n= 8 per group. 
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Effect of l-THP on food-maintained behavior 

To further ensure sedative effects of l-THP were not observed within our therapeutic 

range, we evaluated the effect of l-THP on operant responding for food. Rats were trained 

to respond for sucrose pellets under a schedule of FR10. Once rats were trained, 

pretreatments with escalating doses of l-THP were given, at least five days of saline 

pretreatment were allowed in between testing doses. Figure 2.8 displays that l-THP in the 

therapeutic range of 3-5 mg/kg did not produce inhibitory effects on natural reward 

(food-sucrose pellets). No significant difference in responding for food compared to 

saline pretreatment was found in this treatment range. Doses greater than 5 mg/kg 

significantly reduced the rate of responding for sucrose pellets p<0.01 (student’s t-test). 

These results further validate that behavioral changes observed with l-THP pretreatment 

were not a result of disruptive effects of l-THP on operant behavior in general. 
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Figure 2.8. l-THP natural reward control 

In food testing, rats were trained to respond in operant chambers under an FR 10, 20 sec 

time out schedule for sucrose pellets. Sessions lasted 1hr, once rats received the 

maximum number of pellets (40 pellets) for three consecutive sessions they were tested 

with pretreatment of l-THP in escalating doses; at least five sessions of saline treatment 

were given in between test doses. l-THP at 7 mg/kg and 9 mg/kg significantly reduced 

responding for sucrose pellets within the 1 hr session, one-way ANOVA, ** p<0.01, n= 

10 per group.  
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2.4     Discussion  

l-THP blocked the abuse-related behavioral effects of nicotine in several rodent 

models. l-THP decreased nicotine self-administration in experienced animals, blocked 

combined cue and nicotine-induced reinstatement of drug-seeking, and attenuated 

hyperactivity induced by nicotine. Taken together this study adds knowledge to the 

current drug profile of l-THP through demonstrating efficacious use of l-THP beyond 

heroin, cocaine, and methamphetamine addictions. This study introduces a case for 

development of l-THP into a clinical treatment for nicotine addiction given its history of 

clinical use in China and displayed preclinical efficacy concerning nicotine addiction.  

The highly rewarding habit of nicotine addiction is difficult to break, as only 3% of 

smokers quit successfully 3. Thus there is a drastic need for new efficacious treatments 

that will enhance smoking cessation. Given that reducing the rewarding value of nicotine 

can aid in decreasing smoking in repeat users 4, l-THP appears promising as a smoking 

cessation treatment.  l-THP diminished the rewarding effects of nicotine in a dose 

dependent manner, reducing self-administration of nicotine in experienced animals. l-

THP further displayed no tolerance to its effect on nicotine self-administration observed 

over three repeated administrations. These data suggest that l-THP may stably reduce 

smoking in habitual smokers.  

The efficacy of l-THP extends beyond primary reward as assessed in self-

administration studies. l-THP has been shown to block or reduce the reinstatement of 

drug-seeking induced by cocaine, heroin, or methamphetamine5-8. This utility of l-THP 

holds true concerning nicotine addiction. Here we show that combined cue and nicotine-
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induced reinstatement was also blocked by l-THP at both tested doses. Favorable 

reinstatement data suggest that l-THP may be efficacious in prevention of nicotine 

relapse in the clinical setting. Given that relapse is a major obstacle to remaining nicotine 

free, as 80% of smokers who attempt to quit return to smoking within a month 3, the 

ability of l-THP to thwart combined cue and nicotine induced reinstatement is a much 

needed quality in a smoking cessation treatment. 

Beyond self-administration and reinstatement, l-THP displayed utility in attenuating 

other behavioral effects associated with nicotine addiction. Hyperactivity can result from 

the psychostimulant effects of nicotine. l-THP, however, is able to attenuate this effect, 

blocking hyperactivity from occurring when administered before nicotine. This effect of 

l-THP displays its utility in treating behavioral components of nicotine addiction. Thus, l-

THP is effective against the centrally-mediated effects of nicotine that manifest as drug-

seeking behavior and hyperactivity. Clinical studies are needed for validation of the 

effects on hyperactivity in humans. We believe l-THP may also reduce anxiety in the 

clinical setting given that l-THP has been found to alleviate anxious behavior as tested 

via elevated plus maze and open-field testing in preclinical models 9. If translated into the 

clinical setting, reduced anxiety may mean reduced nicotine use and relapse, as smokers 

are noted to return to smoking in an attempt to reduce anxiety 3,10.  

Our therapeutic dose of l-THP is selective to the abuse-related effects of nicotine. l-

THP, at doses that blocked the effects of nicotine, did not affect food-maintained 

behavior and had no sedative effects on ambulatory movement in studies of locomotor 

activity. Furthermore, our maximally effective dose of l-THP is below the reported doses 

of l-THP used for blocking effects on other drugs of abuse. For example, l-THP has been 
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used for treatment of cocaine addiction at doses up to 20 mg/kg 5,11  and 

methamphetamine addiction at doses up to 10 mg/kg 8 in the pre-clinical setting. This 

comparison demonstrates that l-THP is safely tolerated at the doses used in the current 

study. Given the statistical significance of 5 mg/kg l-THP in various testing models, 

further testing of l-THP concerning nicotine addiction should be conducted with this 

dose. Clinical testing is needed to determine the ideal dosing parameters in humans. 

In order to advance l-THP into clinical trials, it is essential to compare l-THP’s 

efficacy to current treatments for nicotine cessation. If l-THP is found to be inferior to 

current treatments, optimization or synthesis of analogues may be considered in order to 

continue development of l-THP as a treatment for smoking cessation. If l-THP is found to 

be equal or superior to current treatments, further study leading to clinical trials and drug 

development may be warranted. 
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CHAPTER 3: COMPARISON OF l-THP TO VARENICLINE AND 

BUPROPION IN TREATMENT OF NICOTINE MODELS OF 

ADDICTION 

 

3.1     Introduction 

The novel findings of the previous chapter uncovered the efficacious effects of l-THP 

on nicotine addiction. Efficacy of l-THP in reducing nicotine intake, however, is not the 

sole criterion in developing a new treatment for drug addiction. l-THP must prove to be 

as effective or superior to currently approved treatments available for nicotine addiction. 

Thus, the next step to advance l-THP through the drug development pipeline is to 

compare its efficacy against treatments readily available on the market. The research 

conducted in accordance to specific aim two seeks to accomplish this goal. 

Using the same behavioral models as before, we set out to compare the efficacy of l-

THP to that of bupropion and varenicline, available treatments for nicotine addiction. 

Pre-clinical comparison of l-THP to FDA approved treatments allows for inference of l-

THP performance in comparison to current treatments available in the clinical setting. 

Thus, the studies outlined in specific aim two are crucial to understanding the viability 

and future of l-THP as a treatment for nicotine addiction. 

In the current study animals were trained to self-administer nicotine and later treated 

repeatedly with saline, l-THP, varenicline, or bupropion. Drug-seeking behavior after 

treatment was compared between groups. The effects of each compound on reinstatement 

of drug-seeking behavior was also compared. Saline treatment was used as a control for 
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both self-administration and reinstatement studies to assess drug-seeking and 

reinstatement behavior of animals receiving no treatment for nicotine addiction. 

 

3.2     Materials and Methods 

Drugs 

Nicotine hydrogen tartrate salt (Sigma Aldrich, St. Louis, MO) was dissolved in 0.9% 

NaCl (Hospira, Inc, Lake Forest, IL) with pH adjusted to 7 using sodium hydroxide. l-

THP (base), was acquired from Wuxi Gorunje Technology Co., LTD. The reported purity 

of l-THP was assessed by HPLC where the purity was determined as 98.85%. l-THP was 

dissolved in 2% tween 80 (Sigma Aldrich, St. Louis, MO), 3% ethanol (Sigma Aldrich, 

St. Louis, MO), and 95% sterile water (Hospira, Inc, Lake Forest, IL). Varenicline 

tartrate was supplied by LKT Laboratories, Inc and dissolved in 0.9% NaCl with pH 

adjusted to 7 using sodium hydroxide. Bupropion was supplied by Enzo Life Sciences 

and dissolved in 0.9% NaCl. Ketamine HCl was supplied through NIDA pharmacy. 

Xylazine was supplied from Sigma Aldrich, St. Louis, MO. 

 

Subjects 

Male Sprague-Dawley rats (Charles River) weighing 300-325g at the beginning of the 

study were individually housed and maintained in temperature and humidity controlled 

facilities fully accredited by AAALAC. Animals were housed on a 12h/12h dark/light 

cycle (lights out from 8:00am to 8:00pm). Behavioral experiments were conducted in the 

dark phase. All experimental procedures were conducted in accordance with guidelines of 

the Institutional Animal Care and Use Committee of the Intramural Research Program 
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National Institute on Drug Abuse, National Institutes of Health, Department of Health 

and Human Services and the University of Maryland, Baltimore. 

 

Catheterization surgery 

Jugular vein catheter implantations were performed as described in Solinas et. al 1. 

Briefly, animals were anesthetized under ketamine/xylazine (100 mg/kg, 10 mg/kg), 

implanted with a catheter in the jugular vein and a mesh-based backmount was placed 

just below shoulder blades. Rats were allowed to recuperate for at least five days.  

 

Nicotine self-administration 

After the recuperation period, animals began self-administration training (Coulbourn 

Instruments, Whitehall, PA). During 2-hr training sessions, nose pokes to the correct hole 

resulted in an infusion (Harvard Apparatus, Holliston, MA) of 0.03 mg/kg nicotine (0.1 

mg/ml concentration) delivered over 2-sec followed by a 20-sec timeout period during 

which house lights flashed on and off. Training began under a fixed-ratio (FR) 1 schedule 

of reinforcement. Once a rat received >10 reinforcements for three consecutive sessions, 

the response criteria was increased incrementally to FR 2, FR 3, and finally FR 5. Once a 

rat responded >10 infusions for five consecutive sessions, pretreatment with saline (i.p. 

30 min), l-THP (5 mg/kg i.p. 30 min), varenicline (1 mg/kg i.p. 2 hrs), or bupropion (40 

mg/kg i.p. 30 min) began. Repeated testing consisted of three consecutive days during 

which rats were pretreated with one of the aforementioned drugs and allowed to self-

administer nicotine during 2-hr sessions. 
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Nicotine extinction 

Extinction occurred in the same chambers as self-administration (SA); however, drug and 

environmental cues were removed. Thus, the infusion and 20-sec timeout did not occur 

after the FR 5 criterion was met. Rats were trained under extinction criteria for at least 

five sessions or until responding was at or below 25% of nicotine baseline responding. 

Once this criterion was met, reinstatement testing began. 

 

Nicotine reinstatement 

Reinstatement was tested over three consecutive days. Days 1 and 2 were identical to 

extinction (drug and environmental cues were absent), the only difference was the 

pretreatment of rats with saline (i.p. 30 min), l-THP (5 mg/kg i.p. 30 min), varenicline (1 

mg/kg i.p. 2 hrs), or bupropion (40 mg/kg i.p. 30 min) before placement into chambers. 

On day 3, animals were identically pretreated and received nicotine (0.3 mg/kg s.c.) 5 

min before placement into the chamber. On day 3, infusions of saline were delivered after 

the FR 5 criteria were met and the 20-sec time out after infusion was reintroduced, 

nicotine however was not available following responding. 

 

Statistics 

Statistical analysis was carried out by GraphPad 5.00 for Windows (La Jolla, CA). 

Student’s t-test, one-way, or two-way ANOVA was used to assess significance according 

to experimental design. When appropriate, one- and two-way ANOVA were followed by 

Bonferroni post hoc test of significance. Significance was reported at p< 0.05 or lower.  

All analyses were performed on the raw data.  For data presentation, a percent of control 
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measure was used to enhance visualization of the observed effects. The percent of control 

was calculated by taking the three day mean of individual rats within the same treatment 

group and dividing it by the three day mean of the entire treatment group during nicotine 

baseline. The test average is presented as a percentage of the nicotine baseline.  

 

3.3     Results  

Effects of varenicline and bupropion on nicotine self-administration and comparison with 

l-THP 

Rats trained to self-administer nicotine, were treated with saline (1 ml/kg), l-THP (5 

mg/kg), varenicline (1 mg/kg), or bupropion (40 mg/kg) before placement into self-

administration chambers. The dose of varenicline was chosen based on literature which 

states low doses of varenicline (1 mg/kg) with long pretreatment times (2 hr) are most 

effective in reducing animal response for nicotine 
2
. The dose of bupropion was chosen 

based on literature which states that high doses of bupropion (40 mg/kg) with moderate 

pretreatment times (30 min) are effective in reducing animal response for nicotine 
3
. 

Figure 3.1 shows that like l-THP, these treatments significantly reduced nicotine self-

administration. Two-way ANOVA with defining factors session (nicotine baseline vs. 

test average) and pretreatment (saline vs. l-THP vs. varenicline vs. bupropion) revealed a 

significant effect of interaction between pretreatment and session F (3, 20) = 6.725, 

p<0.01; and session F (1, 20) = 38.39, p<0.001. Bonferroni post hoc analysis revealed a 

significant effect of 5 mg/kg l-THP (p<0.001), 1 mg/kg varenicline (p<0.05) and 40 

mg/kg bupropion (p<0.001) compared to saline treatment. Student’s t-test analysis 
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revealed that l-THP reduced nicotine infusions to a degree significantly greater than 

varenicline (p <0.05) and equal to bupropion. In a breakdown of testing over the three 

day period (figure 3.2), two- way ANOVA revealed a significant effect of pretreatment, F 

(3, 40) = 11.89, p<0.001. In Bonferroni post hoc analysis, l-THP significantly reduced the 

number of nicotine infusions taken each day (p<0.01 days 1 and 2, p<0.001 day 3). 

Varenicline significantly reduced nicotine infusions on days 2 and 3 (p<0.05). 

Bupropion, displayed varying significance in blocking nicotine infusions across test days 

(p<0.001 day 1, p<0.01 day 2, p<0.05 day 3).  
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Figure 3.1. Self-Administration comparison of l-THP to varenicline and bupropion 

Infusions per session averaged over five days of training (Nic Baseline) and three days of 

treatment (Test Avg) respectively. l-THP, varenicline, and bupropion significantly 

reduced nicotine responding compared to respective nicotine baselines, two-way 

ANOVA **p<0.01, ***p<0.001. + denotes comparison of test averages to 5 mg/kg l-

THP; the test average of 5 mg/kg l-THP was significantly lower than that of varenicline 

and saline, +p<0.05, +++p<0.001, n=6 per group. 
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Figure 3.2. Comparison of treatments on repeated nicotine self-administration 

Session breakdown of pretreatment across three days of repeated testing of nicotine self-

administration. 5 mg/kg l-THP and 1 mg/kg varenicline performed consistently across the 

three day test period, while 40 mg/kg bupropion did not, two-way ANOVA with 

Bonferroni post hoc analysis, all treatment groups were compared to saline treatment, 

*p<0.05, **p<0.01, ***p<0.001. 
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Effects of varenicline and bupropion on combined cue and nicotine-induced 

reinstatement and comparison with l-THP 

Rats treated with varenicline and bupropion underwent extinction in the same manner as 

saline and l-THP treated rats described previously. When tested under reinstatement 

conditions, both varenicline and bupropion significantly blocked reinstatement to 

nicotine-seeking behavior. Two-way ANOVA using the defining factors of session 

(nicotine baseline vs. extinction vs. reinstatement) and pretreatment (saline vs. l-THP vs. 

varenicline vs. bupropion) revealed a significant interaction between session and 

pretreatment F(8, 50) = 7.075, p<0.0001 and session, F(2,50) = 128.4, p<0.0001. 

Bonferroni post hoc analysis revealed significant differences in nicotine baseline and 

reinstatement for varenicline and bupropion, p<0.01 and p<0.05 respectively. In 

comparison to bupropion and varenicline, l-THP pretreatment performed superiorly, as 

seen in figure 3.3. Bonferroni post hoc analysis revealed a significant difference in 

nicotine baseline and reinstatement for l-THP, p<0.001.  
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Figure 3.3. Comparison of treatments on combined cue and drug induced 

reinstatement to nicotine-seeking behavior 

All groups extinguished nicotine-seeking behavior when environmental cues of time out 

flashes and pump infusions, as well as nicotine were removed. Reinstatement consisted of 

a nicotine priming injection 5 min prior to the session as well as reintroduction of the 

aforementioned environmental cues associated with nicotine infusions during the session. 

No nicotine infusions were available during the session.  All drug based pretreatments 

significantly blocked responding during reinstatement testing from reaching nicotine 

baseline levels. All comparisons were made against Nic Baseline within group, two-way 

ANOVA, n=6 per group, *p<0.05, **p<0.01, ***p<0.001. 
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3.4     Discussion 

The FDA approved compounds varenicline and bupropion significantly reduced 

nicotine self-administration and reinstatement to nicotine-seeking behavior. This finding 

is to be expected considering the regulated administration of these compounds for 

smoking cessation. l-THP however, performed in a manner that was comparable to each 

compound in self-administration testing, and superior to each compound in reinstatement 

testing. This finding makes l-THP an interesting compound to explore for treatment of 

nicotine addiction. 

Given that both varenicline and bupropion carry black box warnings for 

neuropsychiatric symptoms and suicidality 4,5, an alternative pharmacologic treatment for 

nicotine addiction is welcome. The efficacy of l-THP in reducing nicotine self-

administration proved to be significantly greater than varenicline and equal to bupropion. 

Further, l-THP performed more consistently than bupropion across repeated days of 

treatment. In reinstatement testing, the effect of l-THP was more pronounced than 

varenicline and bupropion in blocking relapse into nicotine-seeking behavior. These data 

suggest that l-THP may effectively reduce smoking to a degree equal to or better than 

varenicline and bupropion in the clinical setting. Further, once an individual quits 

smoking, l-THP may effectively prevent individuals from relapsing back into smoking. 

These advantageous results of l-THP on the treatment of nicotine addiction are 

encouraging for drug development. Given that the mechanism of action of l-THP is not 

fully known, it is interesting to discover that l-THP performs comparable to two 

treatments with different modes of action to treat nicotine addiction. Varenicline is a 
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partial agonist to nAChRs 6-8 while bupropion is a NE/DA reuptake inhibitor 9. All of 

these compounds, however, directly or indirectly influence DA concentrations within the 

brain, particularly the mesolimbic system. Knowing that DA is vital to the development 

and maintenance of drug addiction, it is of value to observe the changes in DA 

concentrations within crucial areas of the mesolimbic system. Thus, the promising 

behavioral results of l-THP on nicotine addiction warrant studies to better understand 

neurochemical changes that occur in l-THP treatment for nicotine addiction. 
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CHAPTER 4: EVALUATION OF EXTRACELLULAR DOPAMINE 

AFTER l-THP, NICOTINE, AND PRETREATMENT OF NICOTINE 

ADMINISTRATION 

 

 

4.1     Introduction 

The previous studies have made clear the utility of l-THP for treatment of nicotine 

addiction and compared the effects of l-THP with FDA approved nicotine treatments. 

These studies, however, have not addressed potential neurochemical changes through 

which l-THP may produce its observed efficacy. The studies conducted in accordance to 

specific aim three seek to understand changes in the mesolimbic DA system caused by l-

THP treatment.  

Microdialysis is a well-established model for studying neurochemical changes in 

freely moving animals; for this reason, it was chosen to examine changes in extracellular 

DA as a result of nicotine treatment with l-THP, varenicline, and bupropion. The shell of 

the nAcb was chosen for examination due to its key involvement in mediating the 

reinforcing effects of drugs of abuse 1. Thus, by examining this structure we were able to 

collect real-time data on changes in DA concentrations in the brain as a result of each 

particular administration of drug. This neurochemical data can give insight on changes 

induced in the brain during treatment of nicotine administration and without treatment for 

nicotine administration.  

In the present study, the microdialysis methodology was used to assess the 

neurochemical changes induced within the rat brain as a result of l-THP administration 

alone, as well as in combination with nicotine. The present study also examined the 
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neurochemical changes induced by nicotine alone, as well as changes induced by nicotine 

in combination with bupropion and varenicline. Bupropion and varenicline were not 

analyzed alone because the neurochemical changes induced by these compounds alone 

are not under investigation. Our lab is concerned with the neurochemical changes that 

occur as a result of combined administration of bupropion and varenicline respectively as 

treatments for nicotine use.  

 

4.2     Materials and Methods 

Compounds 

Nicotine hydrogen tartrate salt (Sigma Aldrich, St. Louis, MO) was dissolved in 0.9% 

NaCl (Hospira, Inc, Lake Forest, IL) with pH adjusted to 7 using sodium hydroxide. l-

THP (base), was acquired from Wuxi Gorunje Technology Co., LTD. The reported purity 

of l-THP was assessed by HPLC where the purity was determined as 98.85%. l-THP was 

dissolved in 2% tween 80 (Sigma Aldrich, St. Louis, MO), 3% ethanol (Sigma Aldrich, 

St. Louis, MO), and 95% sterile water (Hospira, Inc, Lake Forest, IL). Varenicline 

tartrate was supplied by LKT Laboratories, Inc and dissolved in 0.9% NaCl with pH 

adjusted to 7 using sodium hydroxide. Bupropion was supplied by Enzo Life Sciences 

and dissolved in 0.9% NaCl. 3-Hydroxytyramine (3,4 Dihydroxyphenethylamine; 

Dopamine Hydrochloride) (Sigma Aldrich, St. Louis, MO) was diluted to 10
-8

 with 

Perchloric Acid 70% (Sigma Aldrich, St. Louis, MO) and sterile water (Hospira, Inc, 

Lake Forest, IL). Equithesin (Pentobarbital Na, Chloral hydrate and Magnesium Sulfate) 
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was supplied by NIDA. Formalin Solution 10% was acquired from Sigma Aldrich, St. 

Louis, MO. 

 

Subjects 

Male Sprague-Dawley rats (Charles River) weighing 200-275g at the beginning of the 

study were housed two to a cage and maintained in temperature- and humidity-controlled 

facilities fully accredited by AAALAC. Animals were housed on a 12h/12h light/dark 

cycle (lights out from 8:00pm to 8:00am). Microdialysis experiments were conducted in 

the light phase. All experimental procedures were conducted in accordance with 

guidelines of the Institutional Animal Care and Use Committee of the Intramural 

Research Program National Institute on Drug Abuse, National Institutes of Health, 

Department of Health and Human Services and the University of Maryland, Baltimore. 

 

Microdialysis surgery  

Microdialysis surgeries were performed as described in Tanda et. al 2. Briefly, probes 

made of 22 g ½ in. needles with 8 mm silica, and 2 mm exposed membrane were 

implanted into the shell of the nucleus accumbens (A +2 mm, L +1 mm to bregma, V-8 

mm from dura) (Figure 4.1). Rats were placed individually into hemispheric bowls to 

recuperate. Experiments were performed the following day. 
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Figure 4.1. Coronal rat brain diagram of probe location 

Probes were implanted into the shell of the nAcb, according to the stereotaxic coordinates 

+2 mm anteriority, +1 mm laterality from bregma, -8 mm verticality from dura. This was 

done to insure the full 2 mm of exposed membrane was solely located within the shell of 

the nAcb. Figure adapted from Paxinos and Watson The Rat Brain in Stereotaxic 

Coordinates 4
th

 ed. 3. 
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Microdialysis procedure 

Experiments were performed in the same hemispheric bowls in which rats stayed 

overnight. Rats were connected to pumps (Bioanalytical Systems Inc., W. Lafayette, IN) 

and infused with ringer solution (sodium chloride: calcium chloride: potassium chloride, 

filtered with 25mm 0.2um syringe filter) at a flow rate of 1 ul/min. DA 10
-8 

M was used 

as an external standard, injected at 10 ul and was tested at least twice immediately before 

baseline samples were collected to insure 10% or less variability in the system. Baseline 

DA concentrations were taken every 20 min until three consecutive samples displayed 

variability of no more than 17%. Once this criterion was met, rats were given 5 mg/kg l-

THP (i.p.) or 0.4 mg/kg nicotine (s.c.) within control groups; or pretreated with 5 mg/kg 

l-THP (40 min), 40 mg/kg bupropion (i.p.) (40 min), or 1 mg/kg varenicline (i.p.) (2hr) 

then given 0.4 mg/kg nicotine. Dialysis samples were taken every 20 min over 180 min 

post nicotine injection (post l-THP injection for l-THP control group) (Figure 4.2). 

Samples were injected without extraction or purification into Dionex UltiMate 3000 

HPLC (Chelmsford, MA) coupled to ESA Coulochem III electrochemical detector 

(Chelmsford, MA), with Acclaim Polar Advantage II reversed-phase C18 column 

(Thermo Scientific, Waltham, MA), monosodiumphosphate buffer in methanol/water 

(10:74:16, v/v/v) was used at a flow rate of 0.500 ul/min. 
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Figure 4.2. Raw chromatograms of DA measurement 

A) External standard DA (10
-8 

M) was tested before samples were injected into the HPLC 

to insure detection of DA. B) Baseline sample collection of DA was taken to gauge rat 

basal concentrations of DA. C) Sample measurements were taken following treatment 

with described compounds; increases in DA from baseline collections were detected. 
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Histology 

At the end of microdialysis experiments, rats were overdosed with equithesin. Probes 

were removed and brains were fixed in 10% formalin for at least two weeks. Brains were 

cut by vibratome 1000 plus (The vibratome company, St. Louis, MO) into serial coronal 

slices to verify the placement of probes. 

 

Statistics 

Statistical analysis was carried out by GraphPad 5.00 for Windows (La Jolla, CA). 

Student’s t-test, AUC, or one-way ANOVA was used to assess significance according to 

experimental design. When appropriate, one-way ANOVA was followed by Bonferroni 

post hoc test of significance. Significance was reported at p< 0.05 or lower.  All analyses 

were performed on the raw data.  N = 4-6 for all groups. 

 

4.3     Results  

Effects of l-THP, varenicline, and bupropion on extracellular DA concentrations in the 

nucleus accumbens shell 

Microdialysis probes were implanted in the nAcb to gain an understanding of the 

neurochemical changes that occur during administration of l-THP, varenicline, or 

bupropion in combination with nicotine. Rats were randomly assigned to treatment 

groups and tested together. Baseline measures of DA were taken every 20 min for 60 min 

or until rats displayed less than 17% variability. Once baseline collection was complete, 

administration of test compounds were given: nicotine only, l-THP only, l-THP-nicotine, 
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varenicline-nicotine, or bupropion-nicotine. DA measurements were taken for 180 min 

after nicotine administration and for 180 min after l-THP administration in the l-THP 

only group. Both nicotine (0.4 mg/kg, s.c.) and l-THP (5 mg/kg, i.p.) increased 

extracellular DA in the nAcb (Figures 4.3 and 4.4) p<0.01. All compounds altered DA 

extracellular concentration (Figures 4.5 and 4.6). Area under the curve analysis revealed 

that all compounds increased extracellular DA, with bupropion treatment having the most 

robust effect (Figure 4.7). One-way ANOVA revealed an effect of pretreatment (l-THP 

vs. varenicline vs. bupropion) F (4, 24) = 8.313, p<0.001, with only bupropion displaying 

significant difference from other groups in Bonferroni post hoc analysis (p<0.01 

bupropion vs. nicotine only, p<0.05 bupropion vs. l-THP only, p<0.001 bupropion vs. 

varenicline-nicotine).  l-THP alone did not significantly elevate DA from that of nicotine 

administered alone; however, l-THP administered before nicotine administration did 

significantly increase the amount of extracellular DA in comparison to nicotine 

administered alone, t-test p<0.01. 
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Figure 4.3. Effect of nicotine on DA within the nAcb 

Administration of nicotine significantly increased extracellular DA within the shell of the 

nAcb. DA remained elevated throughout the timeframe of the experiment, ** p<0.01. 
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Figure 4.4. Effect of l-THP on DA within the nAcb 

l-THP administration significantly elevated extracellular DA within the shell of the nAcb, 

** p<0.01. 
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Figure 4.5. Effect of treatments on DA within nAcb 

All tested compounds significantly increased extracellular DA within the shell of the 

nAcb. The increase in extracellular DA as a result of varenicline administration was 

moderate in comparison to the other tested compounds. This was to be expected given the 

partial agonistic nature of varenicline. 
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Figure 4.6. Effect of bupropion on DA within the nAcb 

Bupropion administration greatly enhanced extracellular DA within the nAcb. The 

increase of DA as a result of bupropion administration was significantly higher than the 

other tested compounds, ***p<0.001. 
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Figure 4.7. AUC of DA increase induced by different treatments 

Comparison of area under the curve (AUC) analysis between treatment groups. AUC was 

collected from the time of pretreatment to 60 min after nicotine was administered (60 min 

after l-THP was administered in l-THP only group). l-THP pretreated rats that received 

nicotine, and bupropion pretreated rats that received nicotine had significantly higher 

AUCs than rats receiving nicotine alone. Bupropion pretreated rats that received nicotine 

had higher AUCs than all treatment groups, one-way ANOVA * denotes comparison to 

nicotine only group, # denotes comparison to l-THP-Nic group, **p<0.01, # p<0.05, n= 

4-6 per group. 
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4.4     Discussion 

In microdialysis studies, l-THP administration alone and in combination with nicotine 

increased DA in the nAcb. The increase in DA caused by l-THP was modest in 

comparison to the DA/NE reuptake inhibitor bupropion which is noted to robustly 

increase the concentration of extracellular DA 4. The exact mechanism of action for l-

THP is still unknown, however, the unique pharmacology of l-THP is thought to underlie 

its efficacy in the treatment of addiction to different drugs of abuse. l-THP binds to D1, 

D2, D3, serotonin (5-HT), and alpha-1 adrenergic receptors antagonistically, while 

binding to alpha-2 adrenergic receptors as an agonist 5,6. This broad activity of l-THP 

allows for the modification of various monoamine systems. Unlike traditional DA 

antagonists used to treat drug addiction, l-THP’s affinity to DA receptors is modest, 

displaying ki values of 124nm, 388nm, and 1420nm respectively for D1, D2, and D3 

receptors 6. l-THP’s preferential binding of D1 over D2, and D3 receptors separates it from 

previously studied DA antagonists (ex. haloperidol), thus l-THP and its potential in 

treatment of nicotine addiction is unlike previously studied compounds. 

The enhanced concentrations of DA in microdialysis may be explained through a 

variety of theories, given the undefined mechanism of action underlying l-THP treatment. 

l-THP antagonism at DA receptors, specifically D1, is reported to be postsynaptic 7. The 

blockade of post-synaptic D1 receptors would block DA from binding the D1 receptor, 

leaving DA to accumulate in the synapse (as seen in this study) or bind other DA receptor 

subtypes. This theory is in line with hypotheses suggesting that the known anti-abuse 

effects of l-THP (within cocaine research) are most likely achieved through postsynaptic 
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DA antagonism 5-10. Another theory that could explain the l-THP effect on extracellular 

DA is (l-THP) binding to D2 autoreceptors. It has been reported that l-THP increases 

cocaine-enhanced DA within the nAcb in a similar manner to D2 or D3 antagonists; 7,11,12  

suggesting activity of l-THP at D2 autoreceptors may influence the concentration of 

extracellular DA within the nAcb. In this theory, the blockade of autoreceptors creates a 

disinhibition response resulting in continued release of DA which in turn accumulates in 

the synapse. Clinically, the overall increase of DA within the nucleus accumbens as a 

result of l-THP administration may contribute to alleviation of the hypodopaminergic 

state that is associated with withdrawal symptoms 13-16. Though l-THP is demonstrated to 

increase DA in the nAcb, it is not reported to be addictive in nature.  It is suggested that 

the binding of l-THP to multiple DA subtypes as well as its activity at other monoamine 

receptors may drive its therapeutic effects while diminishing side effects 7. Specifically, 

secondary actions at 5-HT and alpha adrenergic receptors may decrease extrapyramidal 

effects associated with traditional DA receptor antagonists 6. Thus, l-THP has the unique 

potential to be developed into a treatment with dual capacity, reducing the rewarding 

pleasure of nicotine and attenuating withdrawal from nicotine with minimal side effects.  

This study is the first real time analysis of neurochemical changes that occur with 

treatment of l-THP for nicotine addiction. This data begins to display l-THP induced 

alterations that occur within the brain that have implications on the mesolimbic reward 

pathway.  
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CHAPTER 5: FUTURE DIRECTIONS AND CONCLUSIONS 

5.1     Introduction 

The current studies concerning l-THP have focused on efficacy in the treatment of 

nicotine addiction. This work has established l-THP as a potential nicotine cessation 

treatment and has begun to unravel neurochemical changes induced by combined 

administration of l-THP and nicotine. Still, extensive work is needed to characterize l-

THP.  

It is known that l-THP binds multiple receptors and alters numerous monoamine 

systems that result in advantageous results concerning drug addiction. However, the exact 

mechanism through which l-THP causes this action remains unknown. It has been shown 

that l-THP attenuates ERK1/2 phosphorylation in the presence of methamphetamine 1. 

ERK 1/2 phosphorylation is found to increase as a result of the use of addictive drugs 1-6, 

thus the ability of l-THP to attenuate this increase may be a clue as to the exact 

mechanism of action l-THP utilizes to bring about therapeutic efficacy concerning drugs 

of abuse. Investigation of l-THP at the molecular level is needed to reveal the particular 

mechanism of l-THP. By examining molecular pathways that are altered by l-THP 

administration, we can begin to answer specific questions as to how l-THP ameliorates 

drug use, as well as how l-THP is able to cause an increase in DA without inducing 

addiction. 

 Studies have been conducted to understand the pharmacokinetics and toxicity of 

racemic THP and the parent class of THB compounds 7-15. However, few studies have 

been conducted on the purified l-THP isomer form. This lack of research leaves a void 
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concerning the absorption, distribution, metabolism, and excretion of l-THP. These 

characteristics are vital to understanding the pharmacokinetic parameters of l-THP and 

developing potential dosing schedules in humans. Our lab has conducted preliminary 

pharmacokinetic (Pk) studies to better understand characteristics of l-THP. 

 

5.2     Materials and Methods 

Chemicals and reagents 

l-THP (base) was obtained from WuxiGorunjie Technology Co. (Wuxi, Jiangsu, China) 

and was dissolved in 2% tween 80 (Sigma Aldrich, St. Louis, MO), 3% ethanol (Sigma 

Aldrich, St. Louis, MO), and 95% sterile water (Hospira, Inc, Lake Forest, IL). 

Venlafaxine HCL was obtained from Sigma Aldrich (St. Louis, MO), dissolved in saline 

(Hospira, Inc, Lake Forest, IL) and used as the internal standard. Ketamine HCl and 

xylazine HCl were acquired from Sigma Aldrich, St. Louis, MO. UPLC solvents were of 

highest available analytical grade and purity. Hexane was purchased from Sigma-Aldrich 

Co. (St. Louis, MO) while acetonitrile and methanol were purchased from American 

Bioanalytical (Natick, MA). Water was obtained from a MILLI-Q
®
 ADVANTAGE A10

®
 

water purification system, Millipore (Billerica, MA). Ammonium phosphate monobasic 

was purchased from J.T. baker INC. (Philipsburg, NJ). 

 

Subjects 

Male Sprague-Dawley rats (250-275 g) were purchased from Harlan Laboratories 

(Indianapolis, IN). Rats were housed in the animal facility of the School of Medicine and 
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were maintained on a 12-hr light/dark cycle at a temperature of 72 ± 2° F. Food (Purina 

5001 Rodent Chow; Purina, St. Louis, MO) and water were available ad libitum.  The 

animal study protocol was approved by the Institutional Animal Care and Use Committee 

of the School of Pharmacy, University of Maryland.  Animal facilities were accredited by 

the American Association of the Accreditation of Laboratory Animal Care and all 

experiments were conducted in accordance with the National Institutes of Health Guide 

for the Care and Use of Laboratory Animals.  

 

Catheter implantation for IV pharmacokinetic studies 

Catheter surgeries were performed under aseptic conditions using i.p. ketamine 

(100 mg/kg) and xylazine (7.5 mg/kg). Once completely under, silastic catheters were 

implanted into the right jugular vein and secured with silk sutures. Animals were given 

two days to recuperate and were flushed with saline to maintain catheter patency. 

 

In-vivo IV pharmacokinetic studies 

Rats were administered 7.5 mg/kg l-THP i.v. b.i.d for 2.5 days. This dosage regimen was 

selected to ensure that steady-state plasma concentrations of l-THP were achieved given 

the elimination half-life (t1/2) of l-THP in Sprague-Dawley rats is 3.9 ± 0.9 hours. 

Therefore, five half-lives (>20 hours) were needed for ~95% of the drug to be eliminated 

from the body 7,16,17. As such, b.i.d administration led to l-THP accumulation and l-THP 

steady state plasma concentration. Catheters were flushed with 0.2 ml saline before and 
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after dosing to ensure the maintenance of catheter patency. On the day of the experiment, 

rats received i.v. treatment of l-THP, and blood samples were taken from animals via 

aspiration of the i.v. catheter at the determined time points: predose, 5, 15, 30, 45, 60, 75, 

90, 105, 120, 150, 180, 210, 240, 270, 300, 330, 360, 390, and 420 min post dose. Blood 

samples were centrifuged for 10 min at 10,000 rpm (Denville Scientific 260D, Metuchen, 

NJ ), and plasma was stored at -80° C until analysis. All animals were not able to provide 

blood samples at all time points, only time points with more than one sample per group 

were considered in analysis. After completion of the time course, animals were sacrificed 

and brain tissues were collected, blotted dry, weighed, and stored at -80° C until analysis. 

 

Quantitation of IV cocaine administration using UPLC validated method  

A validated ultra-performance liquid chromatography (UPLC) method with fluorescence 

detector (excitation 230 nm, emission 315 nm) was used to quantify l-THP in plasma and 

brain homogenate samples.  Preparation of plasma and brain homogenate samples 

involved liquid-liquid extraction methods using hexane.  Brain samples were first 

homogenized in phosphate-buffered saline using a PowerGen125 from Fisher Scientific 

(Pittsburgh, PA) and then treated in the same manner as plasma samples.  A 200 µl 

aliquot of sample was spiked with internal standard- venlafaxine, vortexed slightly, and 

extracted with 1 ml of hexane.  The upper organic layer of 850µl was aliquoted into clean 

tubes and evaporated to dryness under nitrogen stream at 37° C.  The residue was 

reconstituted with 150 µl of mobile phase, and a 50 µl aliquot was injected into 

ACQUITY UPLC H-Class system from Waters (Milford, MA) with fluorescence 
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detector (excitation 230 nm, emission 315 nm). The separation was performed on a 

Waters SYMMETRY C18 column (4.6 × 100 mm, 5 µm) with a security guard and filter 

from Phenomenex.  The mobile phase was composed of acetonitrile: methanol: 0.01M 

ammonium phosphate (18:18:64, v/v/v) with a flow rate of 0.8 ml/min.  The lower limit 

of quantification (LLOQ) for l-THP was 0.025 µg/ml, with a linearity range of 0.025 – 5 

µg/ml.  Internal standard venlafaxine was eluted at 9 min and l-THP was eluted at 18.5 

min.  

 

Software 

The pharmacokinetic analysis was performed using Phoenix WinNonlin 6.3 (Pharsight, 

CA) by non-compartmental analysis of the concentration–time data. 

 

5.3     Results 

l-THP is detectable over a seven hour time course in plasma 

Our UPLC method allowed for detection of l-THP in plasma throughout the entire time 

course. Figure 5.1 displays that l-THP was readily absorbed through i.v. administration 

and maintained in plasma. Table 5.1 displays preliminary characteristics of l-THP in rat 

plasma. 
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Figure 5.1. l-THP concentration in rat plasma  

Concentration time curve of 7.5 mg/kg l-THP administered i.v. in rats. Blood samples 

were taken via i.v. catheter at predose, 5, 15, 30, 45, 60, 75, 90, 105, 120, 150, 180, 210, 

240, 270, 300, 330, 360, 390, and 420 min post dose. Blood samples were centrifuged for 

10 min at 10,000 rpm to collect plasma, and analyzed via a validated HPLC method. l-

THP displayed rapid absorbance with sustained concentrations throughout the time 

course. l-THP concentration decreased monoexponentially indicating first-order 

metabolism. 
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Table 5.1. Preliminary l-THP pharmacokinetic characteristics in rat plasma  

  Pk Parameter Unit Measured Value 

Plasma Cmax mg/L 1.937±0.374 

  Tmax hr 0.083 

  Vd L/kg 5.816±0.76 

  Cl L/hr/kg 0.839±0.149 

  T
1/2
 hr 4.808±0.637 

  AUC
0-420

 hr*mg/L 5.956±0.577 
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l-THP is detectable in brain homogenate after completion of a 420 minute time course 

Because destructive sampling methods were not used in this preliminary analysis, l-THP 

concentrations in the brain were only measured at the completion of the experiment. The 

lack of brain collection at each time point prevented the calculation of plasma: brain 

ratio. Figure 5.2 displays that l-THP was detectable in brain homogenate from each rat 

after the 420 min experiment. 
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Figure 5.2. l-THP concentration in rat brain homogenate 

Quantitation of l-THP in brain homogenate after termination of the seven hour time 

course. All rats displayed quantifiable amounts of l-THP. 
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5.4     Discussion 

Our preliminary Pk analysis of l-THP determined that l-THP achieves maximum 

concentration Tmax quickly (about five minutes) and displays steady levels in plasma up 

to 420 min after administration. This quick absorption and lengthy steady state may have 

implications on dosing. Because steady levels remain in plasma for prolonged time 

periods, it is possible that l-THP may only require administration twice a day. This 

minimal dosing may be appealing to patients. Further, our analysis determined that l-THP 

accesses the brain and remains in the brain at detectable concentrations up to seven hours 

after l-THP administration. This data suggests that l-THP may be able to influence DA 

concentrations within the brain hours after its initial administration.  

Despite this preliminary Pk characterization of l-THP, Pk studies involving a control 

and both l-THP and nicotine are needed to assess how combined administration is 

tolerated. Inter and intra-day validations of l-THP standards should also be performed. 

Once this data is collected, the combined l-THP and nicotine Pk profile may be 

extrapolated to predict drug-drug interactions between l-THP and nicotine in humans. A 

traditional destructive sampling method may be most beneficial for these future studies in 

order to allow for collection of brain samples at each time point; deriving the plasma: 

brain ratio of l-THP concentration.  
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5.5      Clinical Trials 

Once Pk parameters have been established, evaluation of the effect of l-THP on 

nicotine can be assessed further. Because species variance may alter pharmacokinetic and 

pharmacodynamic properties of a drug, it is crucial to examine l-THP in humans despite 

favorable preclinical data. Our lab currently holds an investigative new drug (IND) 

approval from the FDA. This approval allows for the initiation of needed human studies 

with l-THP to assess safety and efficacy as a drug addiction treatment. This IND is used 

to facilitate a smooth transition into clinical trials, the next phase of drug development. 

This approval is currently specific to l-THP use concerning cocaine; however, we are 

inquiring to add nicotine to the protocol. 

Clinical trials further evaluate novel compounds through testing in healthy as well as 

target populations to develop a full safety and efficacy profile. Though l-THP has been 

safely used for decades in China, separate testing and evaluation is needed to gain FDA 

approval within the U.S. With our IND approval we have been able to complete phase I 

clinical testing, establishing Pk parameters of l-THP in healthy drug free individuals. The 

trial is scheduled to move forward to phase II where l-THP will be evaluated in 

combination with cocaine. If nicotine is added to the protocol, l-THP may also be 

evaluated in combination with nicotine. The results from these studies can be compared 

to preclinical studies to verify efficacy claims produced from preclinical testing. Results 

from phase II will also allow direct comparison of l-THP efficacy to varenicline and 

bupropion. 
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Successful completion of phase II clinical trial testing would progress l-THP into 

phase III testing: randomized large scale administration of l-THP for cocaine and nicotine 

addiction. The efficacy of l-THP in comparison to placebo and current treatments during 

clinical trial testing will determine the progression of l-THP through the drug 

development pipeline. l-THP may advance to FDA approval and phase IV post-market 

surveillance, or return to the bench for optimization in safety and/or efficacy. These 

clinical studies will take years to conduct and millions of dollars to finance. Thus the 

findings presented in this thesis are the beginning of research that has the capacity to 

continue with great impact on public health for years to come. 

5.6     Conclusions 

At the onset of this research we set out to expand the utility of l-THP within the field 

of drug addiction. To this end, we sought to explore the utility of l-THP in treating 

nicotine addiction, compare the efficacy of l-THP treatment to bupropion and varenicline 

treatment, and lastly, begin to elucidate the neurochemical changes induced by  l-THP 

concerning nicotine addiction. The present body of work addresses these objectives 

displaying for the first time that l-THP both reduces nicotine-seeking behavior and blocks 

reinstatement of nicotine-seeking behavior. Further, our present work shows that the 

efficacy of l-THP in nicotine treatment is comparable and in some cases superior to FDA 

approved treatments bupropion and varenicline. Our microdialysis studies have begun to 

uncover the neurochemical changes in the brain that are induced by l-THP treatment. 

These studies help provide understanding to the influence of l-THP on the mesolimbic 

system and interruption of drug reward.  
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These preclinical studies lay ground work for further study and development of l-THP 

into an FDA approved treatment for nicotine addiction. Research in this area can continue 

in the molecular direction to highlight specific pathways and mechanisms l-THP utilizes 

to bring about therapeutic effects. In addition, research in this area can also progress 

within the human study direction to assess the potential of l-THP nicotine treatment in 

human populations. Both directions are valuable in understanding l-THP and its place as 

a treatment for nicotine addiction. In conclusion, the development of l-THP into a 

treatment for nicotine addiction holds great promise as evidenced through the results of 

the current research and the plethora of directions yet to be taken in the advancement of l-

THP through the drug development pipeline. 
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