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Chapter 1 
 
 

Introduction 
 
 

1.1. Plants as a source of drugs and drug leads 

 

Plant-derived medicines have been used to treat human disease for 

millennia. Their utilization likely predates even the earliest records signifying the 

therapeutic utilization of plants, such as Sumerian artifacts dating back to 5000 

B.C. indicating the clinical use of opium [1]. Plant-derived small molecule natural 

products (SMNPs) continue to be used in modern medicine in fields ranging from 

neurology (e.g. galantamine) to oncology (e.g. vincristine) [2]. Furthermore, 

pharmacotherapies and drug leads continue to be discovered from plant sources 

[3]. Undoubtedly, plants are an excellent source of novel drug leads. However, 

there are a number of challenges and limitations associated with plant-based 

drug discovery including low yields of bioactive metabolites, identifying which of 

the thousands of plant species in existence contain metabolites with a desired 

bioactivity, the isolation of a single bioactive metabolite of interest from potentially 

thousands in a single extract, and threats of extinction to plant species, to name 

a few [4, 5].  

 In the last quarter of the 20th century, many drug discovery programs 

largely discontinued screening of plant SMNPs in favor of synthetics as a source 

of structurally diverse drug leads [2, 4, 6]. This was largely due to the advent of 

combinatorial chemistry (CC) and high-throughput pharmacological screening 

(HTPS), as well as the perceived difficulties associated with plant-based drug 

discovery [2, 4]. The transition seemed logical. The development of CC gave 

medicinal chemists the capacity to generate thousands of novel molecules in a 

relatively short period of time, which could be rapidly screened for a given 

biological activity using HTPS [2, 7]. Thus, the coupling of CC to HTPS (CC-
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HTPS) enabled drug discovery programs to rapidly sort through thousands of 

synthetics to identify novel drug leads. However, CC-HTPS fell short of 

expectations, yielding a single small molecule of complete synthetic origin 

approved by the FDA for use in humans over the 30 year span between 1981 

and 2010 [6]. During that same span of time, 64% of small molecules approved 

by the FDA for use in humans were natural products, or natural product derived, 

despite reductions in revenue, facilities, and manpower contributed to this effort 

[4, 6]. The disparity between the success rates of synthetics and SMNPs, or 

derivatives thereof, compelled researchers to investigate the physiochemical 

properties of each as compared to those of FDA-approved small molecule 

therapeutics. This led to the consensus that SMNPs, including those from plant 

sources, share a greater degree of physiochemical similarity to FDA approved 

small molecule therapeutics leading to greater “druggability” of bioactive SMNPs 

[8, 9]. Furthermore, plant SMNPs must have a certain degree of biocompatibility 

to exist in living cells, bioavailability in order to reach and interact with their 

target/s in other organisms, and bioactivity to elicit a response upon reaching 

their target/s, all of which contribute to the inherent “druggability” of bioactive 

plant secondary metabolites [9, 10].  

Numerous investigators have made efforts to overcome obstacles 

encountered in plant-based drug discovery [5, 11]. Recent advances in analytical 

chemistry will undoubtedly facilitate the isolation and structural elucidation of 

bioactive plant SMNPs [4, 7]. Progress in the fields of plant molecular biology 

and plant sciences are also addressing challenges associated with plant-based 

drug discovery [5, 7, 11]. For example, the expression of genes encoding 

biosynthetic enzymes to generate transgenic rice containing Vitamin A was one 

of the greatest, and most successful efforts to reduce blindness caused by 

malnutrition in countries where rice is the major grain consumed by humans [12]. 

An example of the use of plant cell cultures for the purpose of drug discovery is 

the growth of hairy roots to obtain precursors for the semi-synthesis of the 

chemotherapeutic Taxol [13]. Another breakthrough in plant molecular biology 

enabling the generation of stable, “gain-of-function” mutants, known as activation 
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tagging mutagenesis (ATM), has been used to generate mutants with increased 

yields of therapeutically valuable plant secondary metabolites [14, 15]. Herein, 

“gain-of-function” mutation refers to mutations that cause enhanced gene 

transcription. “Gain-of-function” mutations are induced by transforming plant cells 

with agrobacterial strains harboring binary vectors carrying a tetramer of the 

enhancer element from the Cauliflower Mosaic Virus (CaMV) 35S promoter gene 

[14, 16-19]. Successful transformation and integration of the enhancer tetramer 

into the plant genome “activates” flanking genes 10-kb upstream and 

downstream of the integration site [14, 18]. Using ATM, Littleton (2007) 

generated activation tagged Nicotiana tabacum mutants with increased yields of 

nicotine, as well as putatively “novel” nicotinic acetylcholine receptor ligands that 

were undetectable in the wild-type plant [14, 15]. Utilization of Agrobacterium 

tumifaciens in the former study was less than ideal, since the resulting neoplastic 

callus cultures are undifferentiated leading to a reduction in their biosynthetic 

capacity [19]. However, transformation of plant cells with A. rhizogenes carrying 

ATM vectors induces the formation of stable, gain-of-function hairy roots, which 

develop from a single transformed cell, are clonal in nature, and are differentiated 

retaining much of the biosynthetic capacity of an intact plant [19]. Hairy roots are 

easy to culture, do not require hormones to sustain growth, and methods are 

available to scale-up the growth of hairy root cultures [19]. However, the use of 

ATM alone requires the generation and maintenance of thousands of mutants to 

saturate a plant’s genome, as well as the preparation and screening of extracts 

from each mutant [14, 15]. The use of ATM alone for the purpose of drug 

discovery is inefficient (“positive hit” rate, ~1/1000), timely, and laborious, 

limitations we seek to overcome by combining ATM with artificial selection 

favoring the survival of mutants with a genotype of interest [14, 15]. 

The majority of medicinal compounds derived from plants are secondary 

metabolites, molecules of astonishing complexity and diversity which evolved to 

enable plants to react and respond to stimuli arising from abiotic and biotic 

sources in their local environment [13, 20]. Over plants’ ~3 billion year existence, 

natural selection has optimized the interactions between plant secondary 
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metabolites and macromolecules present in co-existing prokaryotic and 

eukaryotic organisms to elicit a required biological response [3, 10, 13, 14]. 

Plants containing SMNPs with optimal function had a survival advantage, thus 

natural selection favored the retention of such molecules and their respective 

biosynthetic pathways [3, 4, 13]. The evolutionary process is essentially 

analogous to optimization and screening of compound libraries during drug 

discovery and development [4]. Variation in plants’ metabolomes and 

biosynthetic pathways, arising from sexual reproduction, mutations, and 

horizontal gene transfer, leads to the genesis of new metabolites and/or 

numerous congeners of a single molecule (optimization), which are retained or 

lost through the process of natural selection (screening) depending on the 

survival advantage a metabolite/s affords a plant [3, 4, 13]. The evolutionary 

plasticity of plants, their remarkable biosynthetic capacity, and “experience” 

arising from their ~3 billion year existence gives plants a tremendous advantage 

over medicinal chemists [2, 7, 10, 14]. 

Given biosynthesis plant secondary metabolites, including those of 

medicinal value, evolved via natural selection, it should be possible to devise 

artificial selection conditions favoring the survival of plants with pharmacologically 

optimized genotypes, and resultant phenotypes. Here, we present a novel 

approach aimed to overcome the challenges and limitations associated with drug 

discovery from plant sources, outlined above, by applying the principles of 

natural selection and evolution to harness the biosynthetic capacity of plants to 

generate SMNPs with desirable drug-like properties that are active at molecular 

targets of interest. Essentially, the evolution of a plant species is redirected to 

encourage synthesis of metabolites designed to interact with a specific human 

target protein, coined target-directed biosynthesis. This is accomplished by 

generating a heterogeneous population of gain-of-function mutant plant cells 

expressing a human protein that is a therapeutic molecular target. The 

aforementioned population of mutant plant cells is subject to selection conditions 

such that survival is contingent upon beneficial mutations that increase yields 

and/or cause biosynthesis of novel metabolites with a desired/required 
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therapeutic activity. Therefore, we are able to select individual cultures with 

optimized pharmacological genotypes/phenotypes, and thereby massively 

accelerate the evolution of plant secondary metabolism. This innovative 

approach redirects plant biosynthetic evolution to produce molecules with a 

specific human target and related potential therapeutic activity. In the example 

described below, we have generated mutant cultures of Lobelia cardinalis which 

are overproducing inhibitors of the human dopamine transporter, a molecular 

target for therapeutics in drug dependence. 

 

1.2. Plants as a source of novel drug leads for the treatment of drug abuse 

 

  The vast majority of pharmacotherapies implemented for the treatment of 

drug abuse, including those used for the treatment of nicotine use disorders and 

opioid dependence, are natural products, natural product-derived, and/or were 

inspired by the structure of natural products. Plant-derived SMNPs, such as 

nicotine and cytisine, are approved in the United States and many countries in 

Eastern Europe, respectively, as smoking cessation agents [20, 21]. Varenicline, 

another FDA-approved smoking cessation agent, was inspired by the structure of 

cytisine [20-22]. Varenicline and cytisine function as α4β2-nicAchR partial 

agonists, whereas nicotine is a full agonist at α4β2-nicAchRs [22]. The 

aforementioned nicAchR ligands are utilized as substitution therapies for nicotine 

use disorders [20-22]. However, cytisine and varenicline are unique from nicotine 

in that they have the capacity to blunt the rewarding effects associated with 

smoking by functionally antagonizing the effect of nicotine [21]. Bupropion is a 

DAT inhibitor based on the structure of cathinone, an alkaloid present in khat, 

which is also approved by the FDA as a smoking cessation agent [23-26]. 

Buprenorphine is a structural analogue of thebaine, a naturally occurring alkaloid 

present in Papaver somniferum [27]. Buprenorphine is a µ-opioid receptor partial 

agonist FDA-approved for the treatment of opioid addiction [27]. The structure of 

methadone, which is also utilized as a substitution therapy for opioid 

dependence, is derived from the structural backbone of atropine, a naturally 
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occurring alkaloid present in Atropa belladonna [20]. Furthermore, the structure 

of the µ-opioid receptor antagonists, naltrexone and naloxone, were inspired by 

that of the alkaloid oripavine (also present in P. somniferum), and are approved 

by the FDA for the management of opioid dependence and overdose, 

respectively [27]. A summary of select pharmacotherapeutics used for the 

treatment of drug abuse, as well as SMNPs on which their structure is based, 

and the SMNPs’ plant origin, is presented in Table 1.1. Indeed, plant metabolites’ 

structural scaffolds may possess the “blueprints” necessary to develop promising 

drug leads for the treatment of drug abuse, including psychostimulant addiction. 

 Plants are an invaluable source of medicines and novel drug leads, and 

plant’s repository of SMNPs arguably represents one of the most structurally 

complex and diverse small molecule libraries in existence [14, 20, 28]. However 

a question remains: why are plant SMNPs biologically active in humans? It would 

be egocentric, and quite naïve to think that plants evolved molecules with 

therapeutic effects for the sole purpose of curing human disease. A recent review 

by Kennedy and Wightman (2012) addressing this topic provides compelling 

evidence that natural selection arising from plant’s interaction with co-existing 

organisms led to the evolution of SMNPs that are bioactive in humans [13, 14]. 

Given humans only came into existence relatively recently in evolutionary time, 

their impact on the evolution of plant biosynthesis is relatively negligible [13, 14]. 

The major culprits accredited underlie the evolution of plant SMNPs having 

bioactivity in the human CNS are herbivorous insects [13, 14]. Plants and 

herbivorous insects have co-existed for 400 million years [13]. Furthermore, 

plant-insect interactions occur at a greater frequency owing to the tremendous 

number insect species [13]. To date, insect species represent greater than half of 

the multicellular species identified on earth, and nearly half of existing insect 

species are herbivorous [13]. Additionally, the collective biomass of insects 

outweighs that of vertebrates by a factor of 10 to 1 [13]. The co-existence of 

plants and insects necessitated the evolution of defense strategies ensuring the 

continuing existence of plants, despite threats imposed by herbivorous insects 

[13, 14]. Since plants are sessile, their primary means of deterring herbivorous 



	
  

 7	
  

insects is the synthesis of chemical defenses in the form of secondary 

metabolites [13, 14]. Plant secondary metabolites are not required for plants’ 

primary metabolism, and thus evolved enabling plants to respond and react to 

changes in their local environment [13, 14]. Well-known examples of defensive 

metabolites synthesized by plants include nicotine and cocaine [13, 14, 29, 30]. 

Waxy substances exuded by plant cells immobilize and/or suffocate herbivorous 

insects, whereas chemical attractants are released from plants attracting 

predators of insects that pose as threats [13]. In order to address the genesis of 

plant SMNPs bioactive in the human CNS, a closer examination of insect 

neurotransmission and similarity shared between key proteins present in the 

human and insect CNS is required. 

 The major excitatory neurotransmitter in the insect CNS is acetylcholine, 

which activates nicotinic acetylcholine receptors (nicAchR) [14]. Given the 

importance of cholinergic neurotransmission in insects, the disruption of signaling 

at insect nicAchRs presents an excellent target for plant chemical defenses [13, 

14]. A variety of nicAchR ligands have been identified in plants, which are 

primarily believed to function as natural insecticides, including nicotine and 

cytisine [13, 14, 29]. For example, ingestion of nicotine by insects produces 

aversive stimuli, paralysis, and/or death, via activation of insect nicAchRs [14, 

29]. Acetylcholine is also a prominent excitatory neurotransmitter in the human 

CNS, which influences the activity of numerous neurotransmitter systems via the 

modulation of nicAchRs [31, 32]. NicAchRs present in the human and insect CNS 

share structural homology due to their common evolutionary ancestry [13, 14]. 

Courtesy of their shared homology, nicAchR ligands synthesized by plants 

display bioactivity across Phyla, modulating the activity of nicAchRs present in 

the insect CNS, and their human counterparts [13, 14]. This holds true for a 

variety of proteins essential for regulation of human and insect 

neurotransmission, including the DAT [33, 34]. 

 In contrast to humans, insect DAergic neurotransmission is strongly 

implicated with aversive learning [13, 35]. Increased DAergic neurotransmission 

in insects has also been reported to signal satiety, attenuate negative geotaxis, 
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and even induce convulsions and death in insects [36, 37]. Any of the 

aforementioned affects, which can be elicited by cocaine, would deter insects 

from feeding on plants containing metabolites that augment DAergic 

neurotransmission. Thus, inhibition of the DAT represents a viable mechanism to 

increase DAergic tone in the insect CNS, thereby preventing insect herbivory [30, 

35-37]. As such, natural selection would be predicted to favor the biosynthesis of 

metabolites that function as DAT inhibitors, given plants possessing such 

compounds would have a survival advantage increasing their evolutionary fitness 

[3, 4, 13]. Genes encoding the biosynthetic machinery responsible for the 

synthesis of DAT inhibitors would thereby be retained by the forces of natural 

selection, and further optimized over time by the forces of evolution [3, 4, 13]. 

Cocaine, a well-known example of a DAT inhibitor synthesized by the plant 

Erythroxylum coca, functions as a natural insecticide [30].  

 

1.3. Psychostimulant drug abuse 

 

 Psychostimulant drug abuse is a major public health concern in the United 

States and around the world. The abuse of psychostimulants, such as cocaine 

and methamphetamine, is associated with a significant socioeconomic burden 

arising from healthcare costs, crime, and lost productivity [38, 39]. Detrimental 

health effects caused by short-term psychostimulant abuse include hypertension, 

tachycardia, cardiac arrhythmia, heart attack, stroke, convulsions, paranoia, 

and/or psychosis [38, 39]. Their long-term use can potentially lead to psychosis, 

mood disturbances, and/or infection potentially causing death due to bowel 

ischemia, amongst other adverse health effects [38, 39]. In 2012, 1.2 million 

individuals reported the use of methamphetamine alone in the past year 

(National Survey on Drug Use and Health), with an estimated $23.4 billion cost 

associated with its abuse in 2005 (RAND report, 2009) [38, 39]. Despite years of 

research and substantial effort on the behalf of scientific investigators, at present 

there is no pharmacotherapy approved by the United States Food and Drug 

Administration (FDA) for the treatment of psychostimulant addiction, a significant 
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unmet medical need [23-25, 40-42]. Multiple lines of evidence indicate the 

reinforcing effects of cocaine and methamphetamine result from augmentation of 

dopaminergic (DAergic) neurotransmission in the mesocorticolimbic DAergic 

pathway [43-45]. Increased DAergic tone in the nucleus accumbens, in particular, 

is highly implicated in mediating the positive rewarding effects of 

psychostimulants and other drugs of abuse [43-45].  

The dopamine transporter (DAT) is the primary regulator of DAergic tone 

in the striatum and nucleus accumbens, and is recognized as a key molecular 

target of cocaine and methamphetamine [33, 43, 46-55]. Cocaine is an inhibitor 

of the DAT, and enhances vesicular DA release [23, 45]. Methamphetamine is a 

substrate of the DAT, which competitively inhibits DA reuptake, and also 

redistributes vesicular DA leading to an increase in cytosolic DA [23, 25, 45]. 

Subsequently, cytosolic DA is released via methamphetamine-induced reversal 

of DAT function [23, 25, 45]. As such, the use of both psychostimulants has a 

common outcome: increased DAergic tone in brain regions densely innervated 

by DAergic neurons, including the nucleus accumbens [23, 25, 43-45, 56].  

Multiple lines of evidence indicate that modulation of DAT function 

underlies the locomotor and hedonic effects of cocaine and methamphetamine 

[43-45, 57, 58]. In homozygous DAT knockout mice, cocaine and amphetamine 

fail to increase locomotor activity above baseline, and do not produce stereotypy 

[43]. In homozygous mutant knock-in mice expressing a cocaine-insensitive DAT 

(CI-DAT), cocaine failed to produce locomotor stimulation, conditioned place 

preference, or an increase in DA levels in the NAcc, yet these effects of 

amphetamine are preserved supporting the notion that the interaction of the two 

psychostimulants with the DAT are distinct [57]. Of note, cocaine actually 

produced conditioned place aversion and suppressed locomotor activity in CI-

DAT mice [57, 58]. Expression of the wild-type DAT (wtDAT) in adult CI-DAT 

mice using adeno-associated viral expression vectors restored cocaine’s ability 

to produce psychomotor stimulation and reward [58]. Furthermore, in animal 

models of cocaine abuse, “atypical” DAT inhibitors (e.g. JHW-007) reduce 

psychostimulant self-administration and display low abuse liability (see section 
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1.4 for further details on “atypical” DAT inhibitors) [59, 60]. These observations 

led to a renewed interest in the development of DAT ligands capable of inducing 

a conformational change in the DAT that attenuates the reinforcing effects of 

cocaine [59-62]. DAT inhibitors with the aforementioned profile represent 

potentially novel pharmacotherapies for the treatment of cocaine addiction [59]. 

“Atypical” DAT inhibitors (e.g. JHW-007) also reduce self-administration of 

methamphetamine in animal models [59]. Therefore, DAT ligands capable of 

antagonizing the hedonic effects of psychostimulants, which possess minimal 

abuse potential and acceptable side effect profiles, represent potential novel 

pharmacotherapies for the treatment of psychostimulant abuse [63]. Clinical 

utilization of pharmacotherapeutic agents with the latter profile would be 

analogous to the treatment of opioid dependence with methadone, thus a 

delayed rate of onset and a prolonged duration of action would be desirable [42, 

59-61, 64, 65]. DAT ligands with the aforementioned profile would not necessarily 

have to be devoid of reinforcing effects, as this would likely increase compliance 

and reduce attrition rates [41, 65, 66]. 

 The efficacy of a variety of treatment modalities has been evaluated in an 

effort to develop effective approaches to combat psychostimulant addiction. 

These include cognitive behavioral therapy, pharmacotherapeutic intervention, 

and combinations thereof, none of which has been demonstrated as an 

efficacious approach to increase abstinence in individuals addicted to cocaine or 

methamphetamine [23]. However, of the various pharmacotherapeutic agents 

examined in human trials, DAT inhibitors have arguably demonstrated the most 

success.   

Modafinil, an “atypical” DAT inhibitor that also enhances glutamatergic 

neurotransmission, reduced the subjective hedonic effects of cocaine in naïve 

human subjects [23, 24, 64, 67]. In cocaine-dependent individuals, modafinil 

decreased cocaine intake, and improved the efficacy of cognitive behavioral 

therapy [23-25]. Bupropion is a DA reuptake inhibitor that was reported to 

decrease the subjective effects of methamphetamine and reduced drug craving 

in a Phase I clinical trial [23-25, 41, 67]. In a Phase II clinical study, bupropion 
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effectively increased abstinence rates in low-to-moderate methamphetamine 

abusers, but was not efficacious in heavy users [23-25, 41, 67]. Methylphenidate 

is a selective DAT inhibitor commonly used to treat attention-deficit/hyperactivity 

disorder, which has been reported as an effective treatment for cocaine and 

amphetamine addiction [23, 25, 40, 68]. Despite these observations, none of the 

aforementioned medications has displayed the level of efficacy necessary to 

merit approval by the FDA for the indication of treating psychostimulant addiction 

[23-25, 40-42]. 

  Numerous structural analogues of cocaine and benztropine have been 

synthesized and investigated for their ability to decrease cocaine and/or 

methamphetamine self-administration [59, 61, 69]. The “atypical” DAT inhibitor 

JHW-007 is a structural congener of benztropine that reduces cocaine and 

methamphetamine self-administration in animal models of psychostimulant 

abuse [59, 67]. The cocaine analogue RTI-336 antagonized cocaine intake, as 

well, although the dose of RTI-336 required to reduce cocaine self-administration 

reduced water and food intake [63]. In contrast, JHW-007’s ability to decrease 

psychostimulant self-administration occurred at doses that did not significantly 

reduce the seeking of natural rewards (e.g. food intake) [59, 70]. A variety of 

phenylpiperazine derivatives were also synthesized in an attempt to develop DAT 

ligands capable of antagonizing the hedonic effects of cocaine and/or 

amphetamine [61, 69]. GBR12909 was perhaps one of the most promising, and 

thoroughly investigated phenylpiperazines [56, 59, 61, 63]. In animal models of 

psychostimulant abuse, GBR12909 reduced self-administration of cocaine and 

methamphetamine at doses that had little effect on the seeking of natural 

rewards [42, 56, 59, 61, 63, 66]. Although each of the these DAT inhibitors 

demonstrated promise in preclinical models of psychostimulant abuse, their 

development was halted due to the realization of undesirable effects unveiled in 

latter studies, as described below. 

One of the most commonly encountered problems limiting the 

development of DAT inhibitors for the treatment of psychostimulant abuse was 

their potential abuse liability. GBR12909 and RTI-336 readily are self-
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administered by non-human primates, and produce discriminative stimulus 

effects similar to those observed for cocaine [59, 65, 66]. Furthermore, 

GBR12909 prolonged the QT interval, which increases the risk of potentially fatal 

ventricular arrhythmia [59, 63]. In a Phase I clinical study GBR12909 produced 

QT interval prolongation in 5 out of 5 human subjects, leading to the termination 

of the clinical trial [63]. This effect of GBR12909 arose due to the inhibition of the 

hERG channel [59]. Given ventricular arrhythmia is associated with hERG 

inhibition, binding and inhibitory activity at this channel has received increased 

attention by drug discovery programs [71]. Given both 4-chlorobenztropine and 

4,4-dichlorobenztropine bind the hERG channel, molecules structurally related to 

these compounds (e.g. JHW-007) are also likely to interact with the ion channel 

[72]. As such, a deviation from the structural scaffolds commonly utilized to 

synthesize DAT inhibitors may be necessary to identify and develop DAT 

inhibitors for the treatment of psychostimulant abuse, which are both effective 

and lack potentially fatal adverse effects. 

 

1.4. The dopamine transporter 

 

 The DAT is the primary regulator of extracellular DAergic tone, and is a 

member of the neurotransmitter sodium symporter (NSS) superfamily [33, 43, 46-

55]. NSSs couple the energetically unfavorable “uphill” (up concentration 

gradient) movement of their respective substrate/s to the “downhill” (down 

concentration gradient) movement of Na+ to drive substrate translocation [33, 47, 

48, 50-52, 54, 55, 73]. As such, NSS transporters are electrochemically-coupled 

secondary active transporters [33, 47, 54, 55]. Members of the NSS superfamily 

(the SLC6 gene family) include transporters for dopamine, norepinephrine (NET), 

serotonin (SERT), glycine (GlyT1 and GlyT2), and gamma-aminobutyric acid 

(GAT1-4) [33, 48, 49, 51, 52, 54, 73]. 

 Jardetzky proposed one of the first mechanistic models for secondary 

active transporters [54]. This model hypothesized that secondary active 

transporters must meet three general criteria to have the capacity to translocate 
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substrate: 1) the transporter much have a central binding cavity at it’s core of 

sufficient and appropriate structure to enable binding interaction between the 

transporter and it’s substrate/s, 2) the transporter must be capable of adopting at 

least two conformational states, an extracellular-facing (outward-facing) 

conformation and an intracellular facing (inward-facing) conformation, and 3) the 

extracellular and intracellular facing conformations of the transporter must have 

differing affinities for substrate/s, the extracellular facing conformation having 

higher binding affinity than the intracellular facing conformation [54]. Based on 

this model, the outward-facing conformation of the transporter initially binds 

extracellular substrate at it’s core, a conformational change occurs upon binding 

substrate shifting the transporter to a substrate-bound inward-facing 

conformation, then substrate dissociates from transporter to the intracellular 

environment due to decreased binding affinity for substrate associated with the 

transition to the inward-facing conformation [54]. The release of substrate to the 

intracellular environment then triggers a shift back to the outward-facing 

conformation [54]. Indeed, this proposed mechanism was quite close to the 

current theoretical conformational states that the DAT adopts throughout its 

translocation cycle. At present, there are five proposed conformational states of 

the transporter which occur in the following stepwise fashion: 1) Na+ and Cl- bind 

to the transporter stabilizing the outward-facing conformation priming the 

transporter for DA binding, 2) DA binds to the outward facing conformation 

promoting a transition to, 3) the occluded conformation in which the transporter is 

closed to both the extracellular and intracellular milieu with substrate and 

accompanying ions sheltered in its central core, 4) a transition to the inward-

facing conformation and subsequent dissociation of substrate and bound ions 

occurs, and then 5) the transporter adopts an inward-facing ligand-free 

conformation [54]. The low intracellular concentrations of Na+ and Cl- favors their 

dissociation, and that of an accompanying DA molecule, after which the outward 

facing conformation is promoting due to high extracellular Na+ and Cl- 

concentrations, which stabilize the outward-facing conformation of the DAT [54]. 

Thus, the transporter adopts the outward-facing conformation, after which Na+ 
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and Cl- associate with their respective binding sites priming the DAT to accept 

another DA molecule [54].  

 Translocation of DA is accompanied by the import of two Na+ ions and one 

Cl- ion [33, 47, 52, 54, 55, 74]. As such, translocation of DA by DAT is associated 

with the net import of two positive charges [33, 47, 52, 54, 55]. The electrogenic 

nature of the DAT led to the future realization that DAT influences membrane 

potential and neuronal excitability [47, 55, 74]. In addition to inward currents 

associated with the translocation of DA, DAT also functions in a channel-like 

mode [33, 47, 74]. A non-selective ion current is potentiated by arachidonic acid 

(AA), which is inhibited by pretreatment with cocaine [33, 74]. AA also decreases 

the rate of DA uptake, as has been observed for other polyunsaturated fatty 

acids (PUFAs), including docosahexaenoic acid, linoleic acid, and oleic acid [74, 

75]. A higher the degree of unsaturation leads to an increased DAT inhibitory 

potency in such PUFAs [75]. 

 As mentioned above, the DAT is the primary regulator of extracellular 

DAergic tone [33, 43, 46-54]. A number of studies have been performed, all of 

which support the DAT as the key mechanism governing extracellular DA 

concentration. In striatal slices from DAT knockout mice, DA’s extracellular 

lifetime, monitored using fast-scanning cyclic voltammetry, increased ~100-fold, 

in which case diffusion would account for the “disappearance” of DA [43]. 

Furthermore, in in vivo studies measuring extracellular DA clearance in the rat 

striatum or nucleus accumbens using Nafion coated carbon-fiber microelectrodes 

coupled to high-speed chronoamperometry, selective DAT inhibitors, but not 

select selective serotonin or norepinephrine transporter (SERT and NET, 

respectively) inhibitors, significantly prolonged the extracellular lifetime of DA 

[46]. Additionally, after producing lesions with the selective DAergic neurotoxin 6-

OHDA, thereby destroying DAergic terminals expressing the DAT, DA clearance 

was again due to diffusion alone [46]. These studies strongly support the role of 

the DAT as the primary regulator of extracellular DAergic tone, particularly in 

regions receiving dense DAergic innervation, such as the dorsal striatum and 

nucleus accumbens [33, 43, 46-55]. 
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 The DAT is a glycoprotein comprised of 12 transmembrane-spanning 

domains, with both its amino- and carboxyl- termini located on the intracellular 

face of the membrane, modification of which influences DAT function [48, 51, 52, 

55]. The importance of DAT is further illustrated by the complexity of its 

regulatory mechanisms. DAT substrates and inhibitors are capable of regulating 

DAT function [33, 47, 48, 51, 55]. Brief exposure (~30 seconds) to DAT 

substrates, such as DA or amphetamine, causes a transient increase in 

transporter expression, followed by a downregulation of DAT function after 

prolonged exposure intervals (~1 hour) [48]. DAT inhibitors, such as cocaine, 

cause an increase in DAT expression [33, 47, 48, 51, 55]. The effects of 

substrates are accompanied by a decrease in Vmax, whereas the KD is 

unaffected, indicating trafficking of the transporter away from the plasma 

membrane is responsible for substrate-induced downregulation of the DAT [47, 

48]. These effects are believed to occur, in part, via enzymatic post-translational 

modifications to the transporter (e.g. phosphorylation by kinases) [47, 48, 55]. 

Activation of protein kinase C (PKC) by phorbol esters causes a downregulation 

of DAT expression, which is associated with endocytic trafficking of the 

transporter via a clathrin-dependent mechanism [47, 48, 55]. Amphetamine-

induced internalization of the DAT is prevented by PKC inhibition, supporting the 

notion that substrates decrease DAT activity via internalizing the transporter [47, 

48, 55]. 

 The tertiary structure of the DAT is also an important determinant of DAT 

protein expression [33, 48, 49, 51, 55, 73, 76]. Mutations to residues that prevent 

the oligomerization of NSSs prevent trafficking of the transporter to the plasma 

membrane [33, 48, 49, 51, 55, 73]. Amphetamine also causes a shift, disrupting 

the association of DAT oligomers with a subsequent increase in monomeric DAT, 

which is believed to contribute to amphetamine-induced internalization [48, 49, 

76]. 

 Numerous proteins influence DAT function. As outlined above, PKC 

activation leads to increased phosphorylation of DAT and an accompanying 

decrease in DAT surface expression [33, 47, 48, 51-53, 55, 77]. A number of 
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other kinases influence DAT activity, including phosphatidylinositol-3-kinase 

(PI3K), protein tyrosine kinase (PTK), and mitogen-activated kinase (MAPK) 

families [33, 48, 51, 52, 55]. Activation of PI3K and MAPK respective signaling 

pathways leads to an increase in DAT activity [33, 48, 51, 52, 55]. Activation of 

TrkB, a PTK, by BDNF leads to increased DAT activity, as well [48, 51]. 

Increased activity of the DAT by PI3K, MAPK, and TrkB is mediated by an 

increase in DAT surface expression [33, 48, 51, 52, 55]. Furthermore, activation 

of the presynaptic DA D2 receptor, a G protein coupled receptor, increases DAT 

activity [33, 47, 48, 51, 52, 78]. The intricacy of the regulatory mechanisms that 

influence DAT function highlight’s the importance of the transporter in controlling 

DAergic neurotransmission. 

 “Atypical” DAT inhibitors are another class of DAT ligands that alter the 

activity of the transporter, and are of particular interest in the development of 

treatments for psychostimulant abuse [60, 67]. In contrast to traditional DAT 

inhibitors, such as cocaine and methylphenidate, “atypical” DAT inhibitors are not 

associated with significant abuse potential despite inhibiting DA reuptake [79]. 

“Atypical” DAT inhibitors preferentially bind to the inward-facing conformation of 

the DAT transporter, whereas traditional DAT inhibitors prefer the outward-facing 

DAT [79]. Examples of “atypical” DAT inhibitors include GBR-12909, JHW-007, 

and modafinil, all of which decrease cocaine self-administration in animal models 

at doses that minimally influence seeking of natural rewards (e.g. food intake) 

[23, 60]. Binding studies with traditional and “atypical” DAT inhibitors were 

performed with mutant variants of the human DAT  (hDAT) whose conformational 

equilibrium was shifted favoring either the inward- or outward-facing conformer 

[79]. In these studies, as indicated above, traditional DAT inhibitors interacted 

more favorably with outward-facing mutant variants, while “atypical” DAT 

inhibitors preferentially bound the inward-facing DAT [79]. As such,  

“atypical” DAT ligands that bind DAT stabilizing a conformation that minimizes 

cocaine’s ability to influence the transporter, while minimally affecting normal 

transport function, could serve as novel leads to develop treatments for 

psychostimulant abuse [61, 62]. Considering “atypical” DAT inhibitors have been 
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demonstrated to decrease self-administration of both psychostimulants in animal 

models, this holds true for both cocaine and methamphetamine abuse [59, 60].  

 

1.5. Target-directed biosynthetic evolution 

 

Plant-derived medicines have been used to treat human disease for 

millennia. Given plant secondary metabolites evolved via natural selection, it 

should be possible to design artificial selection pressures to redirect the evolution 

of a plant biosynthesis [13, 14]. For drug discovery, selection pressures should 

favor the survival of genetically optimized medicinal plants with increased yields 

therapeutically valuable SMNPs and/or novel metabolites with a desired/required 

bioactivity. Note that plant secondary metabolites evolved to target 

macromolecules present in organisms other than humans, given species of the 

Genus Homo have only come into existence relatively recently in evolutionary 

time [13, 14]. Therefore, human’s impact on the evolution of plant secondary 

metabolism is negligible (a limited number of exceptions exist, such as increased 

yields of nicotine in tobacco as the result of human cultivation) [10, 13]. 

Bioactivity of plant metabolites in humans arises due to homology that exists 

between human macromolecules and those present in other organisms with 

which plant secondary metabolites were intended to target and elicit a biological 

response [13]. Thus, leads from natural sources often require structural 

optimization by medicinal chemists to fine-tune their pharmacologic profile 

making them suitable for use in humans [10]. Our approach is designed to 

redirect the evolution of plants with medicinal value favoring the biosynthesis of 

metabolites meant to interact with human macromolecules. This could potentially 

reduce and/or eliminate the need for further optimization of novel chemical 

entities to tailor their activity to human systems. 

To provide proof-of-concept for this innovative approach to plant-based 

drug discovery, coined target-directed biosynthesis, the human dopamine 

transporter (hDAT) was functionally expressed in Lobelia cardinalis. L. cardinalis 

contains the complex binitrogenous alkaloid lobinaline, which is a relatively low 
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potency DAT inhibitor and cannot be synthesized in the laboratory. Although 

tracer studies have shed light on the precursors for lobinaline biosynthesis in 

planta, methods for the total synthesis of the alkaloid remain elusive [80]. 

Additionally, the yield of lobinaline from L. cardinalis plant material is low and 

purification via recrystallization is particularly challenging [81]. Thus, L. cardinalis 

was an ideal candidate species for proof-of-concept studies utilizing target-

directed biosynthesis. Transgenic L. cardinalis primary hairy roots expressing the 

hDAT (hDAT-1°HRs) display increased susceptibility to dopaminergic (DAergic) 

neurotoxins that are DAT substrates, including 1-methyl-1,2,3,6-

tetrahydropyridine (MPTP) and 6-hydroxydopamine (6-OHDA) [82, 83]. The 

selective DAT inhibitor GBR12909 attenuates MPTP-induced cytotoxicity in 

hDAT-1°HRs [84-88]. L. cardinalis transgenic plant cells expressing the hDAT 

were activation tagged, generating transgenic gain-of-function plant cells 

expressing the hDAT. These cells were generated on selection medium 

containing 1-methly-4-phenylpyridinium (MPP+), a cytotoxic DAT substrate, such 

that selection should favor the survival of cells with beneficial gain-of-function 

mutations enabling MPP+-resistance [89, 90]. MPP+ is a selective DAergic 

neurotoxin used to model Parkinson’s disease (PD), which is accumulated in 

DAergic neurons by the DAT, causing subsequent impairment of mitochondrial 

function and ultimately neuronal death [89-92].  

To date, 120 gain-of-function mutants functionally expressing the hDAT 

that are resistant to MPP+ have been generated. Theoretically, these mutants 

may be resistant to MPP+ due to gain-of function mutations causing: 1) increased 

synthesis of lobinaline and/or other more potent DAT inhibitors preventing MPP+ 

accumulation and subsequent toxicity, 2) synthesis of cytoprotective metabolites, 

and/or 3) activation of cytoprotective genes that prevent MPP+ toxicity (see 

Figure 1.1). Analysis of DAT inhibitory activity of extracts from MPP+-resistant 

gain-of-function mutants expressing the hDAT revealed that the population was 

greatly enriched with individuals whose extracts inhibit DAT much more potently 

than extracts from the wild-type plant, or controls. Chemical analysis by gas 

chromatography-mass spectrometry (GC-MS) led to the identification of mutants 
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that synthesize increased yields and/or novel metabolites undetectable in the 

wild-type plant or controls. Furthermore, individuals were identified which had 

increased yields of squalene and/or linoleic acid, a natural products that 

attenuate MPP+-induced neurodegeneration in models of PD [93, 94]. DAT 

inhibitors generated in the current study may hold therapeutic value in the 

treatment of DAergic neurodegeneration, psychostimulant abuse, nicotine use 

disorders, ADHD/ADD, depression, and/or other neuropsychiatric disorders [54, 

95-104]. Mitochondrial protectants and/or other molecules that prevent 

intracellular mechanisms of MPP+ toxicity are of potential therapeutic value in the 

treatment of neurodegenerative disorders in which mitochondrial dysfunction is 

implicated in the pathogenesis of disease, including PD [92, 105-126]. This novel 

approach to re-direct evolution of plant biosynthetic machinery has the potential 

to revitalize plant-based drug discovery, and feed the pipelines of many drug 

discovery programs. 
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Table 1.1. 
FDA-approved pharmacotherapeutics inspired by plant SMNPs used for the 
treatment of drug abuse 

Medication Clinical Application Plant 
SMNP 

Plant Source# 

(common name) 

Nicotine* Smoking cessation1, 2 -------- Nicotiana tabacum 
(Tobacco) 

Cytisine* Smoking cessation1, 2 -------- Cytisus laborinum 
(Golden Rain acacia) 

Varenicline Smoking cessation1, 2, 3 Cytisine Cytisus laborinum 
(Golden Rain acacia) 

Bupropion Smoking cessation4, 5, 6, 7 Cathinone Catha edulis 
(Khat) 

Buprenorphine Opioid dependence8 Thebaine Papaver somniferum 
(Poppy) 

Methadone Opioid dependence1   

Naltrexone Opioid dependence8 
Alcohol use disorder8 Oripavine Papaver somniferum 

(Poppy) 

Naloxone Opioid overdose8 Oripavine Papaver somniferum 
(Poppy) 

*Molecule is a naturally occurring plant SMNP 
#Plant SMNP occurs naturally in other plant species 
1Salim et al. (2008) [20] 
2Leaviss et al. (2014) [21] 
3Daly (2005) [22] 
4Vocci et al. (2007) [23] 
5Montoya et al. (2008) [24] 
6Karila et al. (2010) [25] 
7Appendino et al. (2014) [26] 
8Hostzafi (2014) [27] 
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Figure 1.1. Schematic of selection process. A) MPP+ is translocated to the 
interior of DAergic neurons via DAT-mediated uptake. Inside the DAergic 
terminal, MPP+ inhibits complex-I of the electron transport chain causing 
excessive production of reactive oxygen species (ROS), which causes 
cytotoxicity and ultimately cell death. B) The plant cell’s phenotype is made to 
resemble that of DAergic neurons on a fundamental level: the hDAT is 
expressed in transgenic plant cells rendering them vulnerable to MPP+. MPP+-
induced cytotoxicity theoretically ensues by the same/similar mechanism/s as 
described in DAergic neurons. C) Activation tagging mutagenesis (ATM) 
creates stable gain-of-function mutations randomly throughout plant genome 
that should confer resistance to MPP+ via: 1) inducing increased biosynthesis of 
DAT inhibitors (lobinaline and/or “novel” DAT inhibitors of greater potency) 
preventing intracellular accumulation of MPP+ and ensuing cytotoxicity and/or 
2) biosynthesis of metabolites that interfere with MPP+ toxicity intracellularly. 
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Chapter 2 
 
 

General methodology 
 

 

2.1. Chemicals and Supplies  

 
Methanol, hexane, chloroform, ethyl acetate, butanol, acetonitrile, (-)-

nicotine (NIC), methyllycaconitine (MLA) citrate salt hydrate, mecamylamine 

(MEC) hydrochloride, nomifensine, (-)-lobeline hydrochloride, and 2,2-diphenyl-1-

picrylhydrazyl (DPPH) were purchased from Sigma Aldrich (St. Louis, MO, USA). 

Streptomycin (10,000 µg/ml), penicillin (10,000 units/ml), fetal bovine serum 

(FBS), and Dulbecco’s Modified Eagle Medium (DMEM) were purchased from 

Life Technologies Corporation (Grand Island, NY, USA). Quercetin was 

purchased from Chromadex (Irvine, CA, USA). [3H]-epibatidine (S.A. = 30 

Ci/mmol), [3H]-cytisine (S.A. = 16 Ci/mmol), [3H]-MLA (S.A. = 60 Ci/mmol), [3H]-

GBR12935 (S.A. = 40 Ci/mmol), 45CaCl2 (S.A. = 12.05 mCi/mg), and [3H]-DA 

(S.A. = 60 Ci/mmol) were purchased from American Radiolabeled Chemicals, 

Inc. (St. Louis, MO, USA). All other chemicals and materials were purchased 

from Fisher Scientific (Pittsburgh, PA, USA), unless otherwise stated. 
 
2.2. Animals 

 
Adult, male Sprague-Dawley rats (200 – 250 g) purchased from Harlan 

Laboratories (Indianapolis, IN, USA) were housed in cages in groups of 3 – 4 at 

the Division of Laboratory Animal Resources at the University of Kentucky. 

Animals had access to food and water ad libitum. All protocols for the handling, 

care, and use of animals were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Kentucky and were performed in 



	
  

 23	
  

accordance with the National Institute of Health’s Guide for Care and Use of 

Laboratory Animals. 

 
2.3. Collection of Plant Material 

 
Plant samples were collected as previously described by Littleton et al. 

(2005) [15]. Briefly, plant samples were collected from field sites by a highly 

qualified botanist. GPS coordinates were recorded for each accession. Samples 

were snap-frozen with liquid nitrogen immediately after field collection, and 

stored at -80°C prior to solvent extraction. Reference samples of each species 

were deposited at the University of Kentucky Herbarium. Lobelia cardinalis was 

grown at the University of Kentucky Spindletop Farm to obtain plant material in 

bulk. 
 
2.4. Aqueous plant extract library 

 
A library of aqueous plant extracts was prepared as previously described 

[15]. Briefly, snap-frozen plant samples collected from the field were removed 

from storage at -80°C, immediately freeze-dried using a lyophilizer, and finely 

powdered. Powdered plant material was extracted (100 mg/ml) by suspending 

samples in aqueous solution (100% Milli-Q H2O) and placing them on a shaker 

overnight. The following day, aqueous extracts were collected via vacuum 

filtration, and freeze-dried using a lyophilizer. The resulting residue was re-

suspended in an appropriate volume of assay buffer to achieve a final 

concentration of 100 mg/ml. When necessary, dimethylsulfoxide (DMSO) was 

added (<0.05%) to promote solubility of samples in aqueous solution. The 

resulting aqueous extracts were stored at -80°C prior to pharmacological 

screening. 
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2.5. HTPS: Differential smart screen 

 

HTPS was conducted on a library of aqueous plant extracts prepared from 

~1,000 species native to the Southeastern United States, completing the 

screening of the library previously described by Littleton et al. (2005) [15]. HTPS 

was performed using a Packard Multiprobe liquid handling system in a 96-well 

plate format (350 µl well volume) as previously described, with minor 

modifications [15, 127-129]. An innovative assay design, coined “differential 

smart screening” (DSS), was employed to identify extracts that contained 

nicAchR ligands with a pharmacological profile unlike that of nicotine [15]. Briefly, 

pure compounds or plant extracts were prepared, and dissolved in a volume of 

Krebs-Ringers buffer (120 mM NaCl, 3.9 mM KCl, 650 µM MgSO4, 510 µM 

CaCl2, 190 µM NaHPO4, 100 µM pargyline, 2 mg/ml glucose, 0.2 mg/ml ascorbic 

acid, 20 mM HEPES, pH 7.4, saturated with 95% O2/5% CO2) necessary to 

prepare a 100 mg/ml stock solution (see section 2.4). Dilutions of the stock 

solution were prepared for screening (1:10, 1:20, 1:50, 1:100, 1:200, 1:500, 

1:1,000, 1:2,000). Samples were evaluated over this concentration range to 

determine the dilution that effectively displaced 50% of [3H]-epibatidine (168 pM, 

3 hour incubation period) from rat cortical membranes (ID50). [3H]-epibatidine is a 

potent, high affinity nicAchR ligand with similar binding affinity at most nicAchRs 

present in the mammalian CNS [130, 131]. Determination of a plant species’ ID50 

enabled the identification of extracts containing nicAchR ligands, and provided a 

“reference point” for subsequent binding studies [15]. Plant extracts that inhibited 

[3H]-epibatidine binding were tested for their ability to displace [3H]-cytisine (1 

nM, 1 hour incubation) and [3H]-MLA (2 nM, 2 hour incubation) at a concentration 

equal to their ID50 for [3H]-epibatidine displacement. [3H]-cytisine and [3H]-MLA 

displacement studies were performed in rat cortical and hippocampal 

membranes, respectively. [3H]-cytisine is a β2-subtype selective ligand, and thus 

will reflect mainly α4β2-nicAchR binding in the mammalian CNS, whereas [3H]-

MLA is α7-nicAchR selective ligand [22, 128, 132, 133]. The final protein 

concentration of membrane preparations in HTPS assays was 150 µg/ml. After 
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reaching equilibrium, membranes were harvested onto 96-well GF/B filtration 

plates (PerkinElmer Inc., Waltham, MA, USA) and rapidly washed three times 

with ice-cold 50 mM Tris-HCl buffer (pH 7.4). Filtration plates were allowed to dry 

overnight before adding 35 µl of scintillation fluid (Microscint 20, Packard Inc.). 

Plates were then kept in the dark for 2 hours, after which radioactivity was 

measured using a Packard TopCount® NXT™ microplate scintillation counter. 

Non-specific binding was measured in the presence of excess NIC (300 µM) and 

total binding was measured in the presence of radioligand alone. Total specific 

binding and specific binding in the presence of competitors was calculated by 

subtracting non-specific binding. Specific binding in the presence of a competitor 

was expressed as a percentage to total specific binding. Dividing the percentage 

displacement of [3H]-cytisine by that of [3H]-MLA at a concentration equal to the 

ID50 for [3H]-epibatidine displacement yields a “differential displacement ratio” 

(DDR) indicative of nicAchR subtype selectivity. DDR values > 5 indicate the 

plant extract contains metabolites selective for α4β2-nicAchRs, while DDR values 

< 1 indicate the presence of metabolites selective for α7-nicAchR, as previously 

described [14, 15]. Likewise, the DDR can also be used to identify plant extracts 

containing metabolites with equipotent binding activity at α4β2- and α7-nicAchRs. 

In theory, a DDR value of ~3 should indicate the presence of nicAchR ligands 

with equipotent binding affinity at α4β2- and α7-nicAchRs. In support of this 

hypothesis, anabasine, a nicAchR ligand with relatively equipotent binding affinity 

at α4β2- and α7-nicAchRs (Ki = 65 and 58 nM, respectively), was previously 

reported to have a DDR value of 4.16 [15, 22]. Similarly, aqueous extracts from 

Nicotiana species with greater amounts of nicotine than anabasine produce DDR 

values of > 5, whereas those having greater quantities of anabasine produce a 

DDR value of ~3 (see Table 2.1 for comparison) [15, 134]. Therefore, plant 

extracts that produced DDR values of ~3 were predicted to contain metabolites 

with equipotent binding affinity at α4β2- and α7-nicAchRs, thus warranting further 

investigation in the present study. Aqueous extracts from species of interest were 

evaluated in vitro for their ability to activate nicAchRs and inhibit the DAT (see 

sections 2.12 and 2.13). Plant species whose extracts displayed a combination of 
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the aforementioned pharmacological activities (presence of a ligand with similar 

binding affinity at α4β2- and α7-nicAchRs, ability to activate nicAchRs, and 

inhibition of the DAT) were prioritized for further evaluation. 

 

2.6. Fractionation of the L. cardinalis crude methanolic extract 

 

Air-dried aerial portions of L. cardinalis were ground to a coarse powder, 

and extracted with 9 volumes of methanol (3 volumes per extraction, 24 hours 

per extraction). The methanolic extract obtained was dried under vacuum using a 

rotary evaporator, resuspended in water, and partitioned with organic solvents of 

increasing polarity in the order that follows: hexane, chloroform (CHCl3), ethyl 

acetate, and butanol. Sodium sulfate was added to the organic fractions obtained 

to remove any residual water, removed by vacuum filtration, and each organic 

fraction was dried under vacuum. The remaining aqueous phase was freeze-

dried using a lyophilizer. Fractions were resuspended in modified Krebs-Ringers 

buffer (final concentration, 100 mg/ml) and assessed in the DSS (see section 

2.5). Additionally, fractions were re-suspended in uptake buffer (final 

concentration, 100 mg/ml) and assessed for their ability to inhibit DAT-mediated 

[3H]-DA uptake in rat striatal synaptosomes (see section 2.13).  

 
2.7. pHPLC sub-fractionation of the L. cardinalis CHCl3 fraction. 

 

The CHCl3 fraction obtained from the L. cardinalis crude methanolic 

extract was sub-fractionated via pHPLC using a Waters XBridge Prep C18 (5 µm 

OBD, 19 x 150 mm) column attached to a Waters 600E Multisolvent Delivery 

System coupled to a Waters 2998 Photodiode Array Detector and Waters 2767 

Sample Manager, Injector, and Collector. The pHPLC instrument was operated 

using Waters MassLynx Software (Version 4.1) and FractionLnyx Collection 

Control Software (Version 4.1). The mobile phase consisted of a mixture of 

Solvent A (100% Milli-Q water, pH 7.0) and Solvent B (100% acetonitrile, HPLC 

grade). Separation was performed with the following gradient at a flow rate of 7 
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ml/minute: initial conditions, 1% B in A; 0 – 6 minutes, linear gradient, 1 – 20% B 

in A; 6 – 12 minutes, linear gradient, 20 – 40% B in A; 12 – 18 minutes, linear 

gradient, 40 – 50% B in A; 18 – 24 minutes, linear gradient, 50 – 75% B in A; 24 

– 30 minutes, linear gradient, 75 – 95% B in A; 30 – 35 minutes, linear gradient, 

95 – 100% B in A; 35 – 43 minutes, isocratic gradient, 100% B. Sub-fractions 

were dried, and then re-suspended in modified Krebs-Ringer’s buffer or uptake 

buffer (333 µg/ml) for nicAchR binding studies and [3H]-DA uptake studies, 

respectively (see section 2.13). 

 
2.8. Isolation of lobinaline 

 
The CHCl3 fraction was obtained from L. cardinalis, as described above. 

Acid-base extraction was performed on the CHCl3 fraction to obtain lobinaline. 
Briefly, 100 mg of the dried CHCl3 fraction was dissolved in 50 ml of CHCl3. The 

solution was acidified with 1 M HCl (final pH, 2 – 3), shaken gently, and the 

organic phase was discarded. The remaining aqueous phase was washed 2 – 3 

times with CHCl3. The aqueous phase was subsequently basified with 

ammonium hydroxide (final pH, 10 – 12), partitioned between CHCl3 and water, 

and the resulting organic phase was collected. The basified aqueous layer was 

extracted two additional times with CHCl3, and each of the organic phases 

obtained from the basified aqueous phase were combined. Sodium sulfate was 

added to the combined organic phases to remove any residual water, removed 

by vacuum filtration, and the organic phase was dried under vacuum using a 

rotary evaporator. Lobinaline obtained using this method was analyzed using gas 

chromatographic-mass spectrometric (GC-MS) methods (see section 2.9). 
 
2.9. GC-MS analysis 

 
GC-MS analyses were performed using a Hewlett Packard 6890 Gas 

Chromatogram interfaced to a Hewlett Packard 5973 Series Mass Selective 

Detector, an Agilent Technologies 7683 Series Injector, and a Hewlett Packard 


