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AJAY SOOD 
Cytoprotective and Cognitive Enhancing Properties of JWB 1-84-1 
(Under the direction of JERRY J. BUCCAFUSCO) 

JWB 1-84-1 is one of 50 tertiary amine analogs of choline synthesized with the 

expectation that they would be high potency compounds for cytoprotection. As one of 

the more potent analogs in this regard, JWB 1-84-1, a piperazine derivative, was selected 

for testing as a cognition-enhancing agent. The compound was evaluated for efficacy in 

Alzheimer's disease transgenic mice (B6C3-Tg(APPswe, PSENldE9)85Dbo/J). The 

mice (AJ? Tg) were first subjected t9 a behavioral test battery in which the transgenic 

strain was compared with the wild-type strain. AD Tg mice were shown to exhibit 

specific deficits in the acquisition of a working memory (radial arm water maze) task at a 

time when the animals exhibited maximal cerebral amyloid plaque burden. JWB 1-84-1 

produced a dose-dependent decrease in the number of errors.made by well trained AD-Tg 

mice in a 5-trial/session radial arm water maze task that was maximal after the 20 µg/kg 

dose. Aged macaques (20-32 y) were trained to proficiency in their performance of a 

. computer-assisted delayed matching-to-sample task. Vehicle (normal saline) or JWB 1-

84-1 (5-150 ~tg/kg, i.m.) w~s adip.inistered 10 min before the initiating of testing. On 

average, JWB 1-84-1 treatment significantly improved task accuracy after all but-the 

lowest dose. JWB 1-84-1 showed cytoprotection in .a dose dependent manner in NGF 

withdrawal model of cytotoxicity in differentiated PC-12 cells. Additionally, JWBl-84-

1, at the high concentrat~on caused increase in intracellular Ca +2 in primary cultured 

hippocampal as well as cortical neurons by acting di;ectly ~n an intracellular Ca +2
. store. 

Thus JWB 1-84-1 exhibits th~ potential for treating the cognitive symptoms associated 



with neurodegenerativ~ diseases and attention deficit disorders. Its cytoprotective action 

also might work to slow the progression of neurodegenerative diseases such as 

Alzheimer's disease. 

INDEX WORDS: Alzheimer's disease, Cytoprotection; Cognitive Enhancement, Choline 

Analogs, Nicotin~c Receptors, Delayed Matching to Sample, Radial Arm Water Maze, · 

Intracellular Calcium. 
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I. INTRODUCTION 

A. STATEMENT OF THE PROBLEM 

Alzheimer's disease (AD) is a neurodegenerative disease characterized by the loss of 

neuronal connections, and ultimately the degradation of neurons resulting in dementia 

and other behavioral abnormalities (Blennow et al., 2006; Katzman, 1986). Post mortem 

histological studies of brain tissues derived from individuals with AD have demonstrated 

the presence of cortical deposits of the 1-42 amino acid beta amyloid protein (Af342) 

(Glenner and Wong, 1984). This protein has been extensively studied and implicated in 

the pathogenesis of AD. Currently, there are several drugs available for the treatment of 

AD; however most of these drugs only provide symptomatic benefit, without 

significantly affecting the course of the disease. The majority of the drugs that ~re 

approved for the treatment of AD function by increasing the endogenous levels of 

acetylcholine (A Ch) through inhibition of the degradative enzyme acetylcholinesterase 

(AChE) (Lleo et al., 2006; Ringman and Cummings, 2006). Recently, a new drug, 

galantamine, has been approved for the treatment of AD. In addition to preventing ACh 

breakdown, galantamine also has been suggested to pot~ntiate neural activity mediated 

via brain nicotinic acetylcholine receptors (nAChRs) (Coyle and Kershaw, 2001). 

Choline has been characterized as a full b_ut low potency agonist at alpha-7 nAChRs 

(a7nAChRs) (Alkondon et al., 1997; Papke et al., 1996). This pharmacological property 
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has been associated with the ability of nicotine and other related a7 receptor agonists to 

improve working memory in a variety of rodent and non-human primate models 

(Buccafusco and Jackson, 1991; Elrod et al., 1988; Levin, 2002). Our goal was to 

develop choline like molecules that would be potent at the receptor and exert disease

modifying effects in neurodegenerative .diseases. The hypothesis of the study is: 

2 



HYPOTHESIS 

Choline, an endogenous nicotinic receptor agonist, exhibits the property of a low 

potency and moderately efficacious neuroprotective and cognitive en.hancing agent. 

Like choline, nicotine is cytoprotective and cognitive enhancing; however it exhibits 

a poor side effect profile as compared to choline. It is hypothesized that by 

combining the neuroprotective and cognitive enhancing properties of nicotine with 

the low side effect profile of choline, novel analogs of choline can be developed that 

are capable of serving as neuroprotective and cognitive enhancing agents by virtue 

of their action on nAChRs and the subsequent cell survival pathways. 
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- SPECIFIC AIMS 

To test this hypothesis the following specific aims are porposed: 

1) To inve·stigate the cytoprotective properties for novel choline analogs based on their 

effects on the growth factor withdrawal model of toxicity in differentiated PC-12 cells 

and develop their structure activity relationship. To select the most potent and 

efficacious analogs of choline on the basis of their cytoprotective behavior and to further 

investigate their mechanisms of cytoprotection. 

2) To determine the effects of the most potent and efficacious analogs ~f choline for 

improvement of the cognitive function in a transgenic mouse model for AD that exhibits 

high levels of amyloid AJ3 in the brain and in non-human primates. 
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B. REVIEW OF RELATED LITERATURE 

Alzheimer's disease (AD) 

A neurodegenerative disease is a neurological disorder reflecting the deterioration of 

certain brain neural pathways. Pathologic~l changes in these cells cause them to function 

abnormally, eventually bringing about their death. AD, Parkinson's disease, Creutzfeldt

Jakob disease, multiple sclerosis, and many other related diseases are due to neuronal 

degeneration in the central nervous system. 

AD is a progressive neurodegenerative disorder with a mean duration of about 8.5 years 

between onset of clinical symptoms and death. AD is characterized by cerebral atrophy 

owing to neuronal loss in the temporal, frontal and parietal lobes. 1'Jeuronal loss is also 

evident in nucleus basalis of Meynert (NBM), amygdala, substantia nigra, brain stem and 

hippocampus. 

AD brain tissues exhibit extensive cellular atrophy and cell loss, shrinkage of cortical 

thickness, enlargement of.sulci-and ventricles and changes in multiple neurochemical 

systems including acetylcholi~.e (ACh), glutamate~ qABA and 5-HT. However, the most 

consistent and severe neurochemical abnormality associated with AD is the loss of 

cholinergic innervation of the cerebral cortex and hippocampus (Coyle and Kershaw, 

2001 ). ChA T activity is significantly reduced in the cortex and hippocampus of AD 

brains (Reisine et al., 1978). NBM the major source of cortical and hippocampal 
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innervation, is degenerated in AD (Whitehouse et al., 1982). In addition, a linear 

correlation between·:reduced cortical ChAT activity a~d degree of dementia has been 

observed (Perry et al., 1978). Observations .such as. these prompted Bartus (Bartus et al., 

1982) to propose the cholinergic hypothesis ?f AD, which specially attributed to the 

cognitive deterioration assodated with the disease to the det_erioration-ofthe cholinergic 

pathways from the basal forebrain to the cortex and hippocampus. In addition to 

decreased ChA T activity, the AD brain has been reported to exhibit a marked decrease in 

the.expression of high affinity cortical nAChRs in comparison with tissues derived from 

age matched controls (Flynn and Mash, 198(>; Nordberg and Winblad, 1986; Whitehouse 

et al., 1986). 

Histologic findings include intracellular neurofibrillary tangles (NFT) and extracellular 

neuritic senile plaques, which contain a core of Af3 surrounded by neurites, and 

granulovacuolar degeneration. Intracellular neurofibrillary tangles accumulate in 

neuronal perikarya and consist of paired helical filaments containing microtubule 

associated protein tau (Delacourte and Defossez, 1986). The presence of tau in neuronal 

cell bodies represents a highly aberrant localization observed in the normal neurons 

(Kowall and Kosik, 1987). In AD brains, tau is present in tangles in 

hyperphosphorylated form (Grundke-Iqbal et al., 1986). The amount ofphosphorylated 

tau in the AD brain is several hundred-fold greater than in normal control brains. Indeed, 

CSF levels of the protein might prove useful as a biomarker for AD (Vandermeeren et al., 

1993). The extracellular neuritic plaques observed in AD brain tis•sues contain amyloid 

peptide fibrils within their core. These fibrils consist of amyloid f3 or A4 peptide (Af3) 
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(Glenner and Wong, 1984). AJ3 peptide is derived from a larger precursor peptide termed 

amyloid precursor protein (APP), a glycosylated transmembrane protein with a single 

membrane-spanning domain (Kang et al., 1987). APP is normally cleaved within its 

transmembrane domain yielding a secretory form, the ex·act physiological role of which is 

not entirely understood. The primary neurodegenerative effects of AD appear to be 

closely linked to amyloid production. 

Clinically, AD is characterized by a gradual.onset of sy111ptoms including memory loss 
. . . 

. . 

and decline of cognitive abilities such as thinking, understanding,·decision-making and 

behavioral symptoms like agitation, aggression or depression. The disease progression 

can be loosely classified into various stages ranging from the normal aged adult to mild, 

moderate, moderately severe, and severe AD. In the normal adult, there is no functional 
. . . . 

decline. In the next stage (Le: normal older adult) there is persc;mal.awareness of some 

functional decline. In early AD there are noticeable deficits in demanding job situations. 

In mild AD, the patient requires assistance in complicated tasks like handling finances, 

planning parties, etc. In moderate AD the patient requires assistance in choosing proper 

attire. In moderately severe AD the patient often cannot perform routine activities like 

dressing or bathing without assistance. There can be urinary and fecal incontinence. In 

severe AD, speech ability declines to about 12 intelligible words and there is progressive 

loss in the abilities to walk, sit up, smile and hold the head up. The various pathologic 

markers increase as the disease progresses in its severity. 
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Nicotine and AD 

One of the first insights about the protective role of nicotine in AD came from the 

epidemiological studies that demonstrated a negative correlation between cigarette 

smoking and AD. It has been reported that nonsmokers have about twice the risk for 

developing AD relative to smokers (Fratiglioni atid Wang, 2000). However, a more 

recent meta~analysis of the literature revealed conflicting results on the association 

between smoking status and AD risk (Almeida et al., 2002). Notwithstanding the 

conflicting results from the epidemiological studies, one study of postmortem brain 

tissues reported the reduced density of senile plaques in hippocampus, entorhinal cortex, 

and neocortex of aged smokers without AD as compared to age-matched nonsmokers 

(Perry et al., 2000), suggesting that nicotine intake might protect against neurochemical 

markers of neurodegeneration related to AD. Further.support of the potential relevance 

of nAChRs as drug targets in the treatment of AD was derived from various in vitro and 

in vivo studies. In vivo, chronic treatment with nicotine or other nicotinic receptor 

agonists such as epibatidine significantly improved performance in rats tested in the 

eight-arm radial maze, a spatial working memory task (Levin .et al., 1999; Levin et al., 

1993; Levin et al., 1990a; Levin and Rose, 1991; Levin and Torry, 1996). In contrast, the 

nicotinic antagonist mecamylamine acutely impaired radial arm maze accuracy (Levin et 

al., 1990b). Similarly, several-in vitro studies that utilized differentiated PC12 cells or 

primary neurons in culture as the targets. for various insults such as A~, growth factor 

deprivation, arachidonic acid, or NMDA have been shown to receive neuroprotective 

benefits from exposure to nicotine (Garrido etal., 2000; Jonnala et al., 2003; Marin et al., 

1994; Messi et al., 1997; Meyer et al., 1998). 
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Nicotine acts on nicotinic acetylcholine receptors (nAChRs) in the brain. These receptors 

constitute a family of polymeric receptors transversing the cell membrane that serve as 

ligand-gated ion channels (Karlin and Akabas, 1995). In addition to nAChRs, ligand

gated ion channels also include type A y-aminobutyric acid_ (GABAA) receptors, 5-HT3 

serotonin receptors, the glycine receptor, and NMDA receptors, a subtype of glutamate 

receptors (Karlin and Akabas, 1995; McGehee et al., 1995). The nAChRs are composed 

of five subunits arranged around a pseudo-axis of symmetry (Cooper et al., 1991; Unwin, 

1993, 1996). These five subunits are composed of two a subunits, and one each of 

J3, y, or o subunits. Several genes encode the a and J3 neuronal subunits: eight genes 

encode for a units ( a.1 to a.9) and three for J3 units (J32, J33, J34) (Elgoyhen et al., 1994; Le 

Novere and Changeux, 1995). Analysis of subunit amino acid sequences and 

physiological and pharmacological properties indicates that nAChRs may be divided into 

three subfamilies (Clementi et al., 2000). The first group is composed of nAChRs 

present on skeletal muscles (formed by the a.1, J31, y, E and o subunits). The other two 

subfamilies represent neuronal nAChRs, heteromeric receptors resulting in various 

combinations of a.3, a.4, a.6, and J32 or J34, and homomeric receptors formed by a.1, as, a.9. 

A wide variety of nA~hR subtypes exist and possess distinct properties according to 

subunit composition (McGehee and Role, 1996; Papke, 1993). In contrast to the 

heteromeric group of neuronal receptors, homomeric receptors (including the a,7 receptor 

subtype) binds with high affinity to the antagonist a.-bungarotoxin ( a.-BGT) (Seguela et 

al., 1993). Moreover, the a.7 receptor subtype exhibits greater Ca +2 permeability 

(McGehee et al., 1995; Role and Berg, 1996), shorter open time, and higher conductance 
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than most heteromeric nAChRs (Castro and Albuquerque, 1995; Mike et al., 2000). The 

a 7 subtype mediates fast desensitization currents (referred-~o as type IA) which can be 

inhibited by nanomolar concentrations of methyllycaconitine (MLA) or by a-conotoxin

ImI, and they recognize nicotinic agonists with low affinity (Albuquerque et al., 1997; 

Alkondon and Albuquerque, 1993). Due to its similar sensitivity to choline as to 

acetylcholine (A~h), the a 7 receptor can be chemically excited, even after ACh has been 

split by cholinesterase (Alkondon et al., 1997). Therefore the a 7 receptor can respond, 

not only to synaptic events, but also to the change in concentration ratios between ACh 

and choline (Maelicke and Albuquerque, 2000). In contrast, the a 4J32 receptor subtype 

binds with high affinity to nicotine and to more selective nicotinic agonists, they mediate 

slowly desensitizing currents (referred to as type II), and they are inhibited by dihydro-J3-

erythroidine (DHJ3E), but not by nanomolar concentrations of aBGT or MLA 

(Albuquerque et al., 1997). 

Of the various subtypes ofnAChRs that are expressed in mammalian brain, a 4J3i" (Wada 

et al., 1990) and a 7 (Gotti et al., 1997; Seguela et al., 1993) are most highly expressed. 

Several studies have reported the wide non-uniform distribution of nAChRs in the brain 

(Charpantier et al., 1998; Wada et al., 1990; Wada et al., 1989). The nicotinic cholinergic 

system is largely interconnected, regulating neuronal excitability to different cholinergic 

subsystems (Gotti et al., 1997; Mesulam and Geula, 1988; Mesulam et al., 1989). The 

a4J32 and a7 nAChRs receptors are essentially located in basal ganglia, the thalamus, the 

hippocampus and the cerebeHµm (Gotti et al., 1997). However, one class of receptors 

predominates within a region (Pidoplichko et al., 1997). The a 7 nAChRs are of great 
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importance in the cerebral cortex (Lang and Henke, 1983), the hippocampus, and the 

substantia nigra (Court and Clementi, 1995). In the cerebral cortex, a1nAChRs are 

located preferentially in the cingulate cortex as compared with the temporal and frontal 

cortices and a4p2 receptors are primarily localized to the deeper cortical layers (Marutle 

et al., 2001 ). Furthermore, each neuron can express different classes of nAChRs 

(Pidoplichko et al., 1997). Electrophysiological approaches targeting cerebral 

interneurons have revealed that a 7nAChRs have a predominatly presynaptic distribution 

and that a 4P2 are expressed both pre-and_ post-synaptically. The latter participate in the 

neuronal stimulation induced by ACh. (Albuquerque et al., 1997; Alkondon et al., 1999; 

Gotti et al., 1997; Wonnacott, 1997). 

nAChRs are involved in complex and varied cognitive functions such as attention, 

learning, memory consolidation, arousal and sensory perception.(Gotti et al., 1997). It is 

considered that the majority of these effects are mediated by presynaptic nAChRs, though 

postsynaptic receptors ~lso play important roles as demonstrated by their control of 

ganglionic and fast cholinergic transmission in the hippocampus and sensory cortex 

(Jones et al., 1999). nAChRs are also putatively involved in the inhibitory and 

disinhibitory mechanisms of human cerebral cortex and rat hippocampus (Albuquerque et 

al., 2000) and it has been suggested that a 7 nAChRs, located within somatodendritic 

regions of interneurons, modulate the activity of local neuronal circuits. nAChRs are also 

involved in neuronal survival. Aged P2 and p4 receptor knockout mice exhibit 

hypertrophy of the neocortex, loss of hippocampal neurons, astrogliosis, microgliosis, 

and spatial learning deficits (Xu et al., 1999). nAChRs are also believed to participate· in 
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brain development, as they are expressed very early in fetal life (Court et al., 1997), they 

are involved in axonal growth (Pugh and Berg, 1994), and they maintain integrity of 

neuronal circuitry. However, one of the most important functions ofnAChRs is their 

regulation of the release of various neurotransmitters, including ACh (Mandi and Kiss, 

2007), dopamine, noradrenaline, serotonin, cortisone, and particularly glutamate and 

GABA (McGehee et al., 1995; Pauly et al., 1992; Radcliffe et al., 1999; Wonnacott, 

1997). The glutamate release that is stimulated by administration of nicotine (McGehee 

et al., 1995) can be blocked by the glutamatergic antagonist kynurenic acid (Toth et al., 

1992). Behavioral studies show that nicotine attenuates the amnestic effects of 

dizocilpine, an N-methyl D-aspartate .(NMDA)-type glutamatergic antagonist, resulting in 

deficits in tasks of both working and reference memory (Levin and Bettegowda, 1997). 

nAChR sti:111ulation enhances hippocampal glutamatergic transmission on two 

independent time scales: one lasting for seconds, the other for minutes (Radcliffe and 

Dani, 1998). The latter process appears to be associated with glutamatergic plasticjty and 

requires Ca +2 as second messenger to indirectly modify glutamatergic synaptic 

transmission (Dani et al., 2000). nAChR induced Ca +2 influx can also alter the enzymatic 

activity ofkinases_and phosphatases, and it can also trigger signal cascades via 

calmodulin to reduce the responsiveness ofNMDA receptors (Dani, 2001; Fisher and 

Dani, 2000). Different studies suggest a neuropr9tective role for nicotine against 

glutamate-induced cytotoxicity th~t is mediated through activation of a,7 and_ 

a,4~2 nAChRs (for review see Picciotto and Zoli,, 2002). Similarly nicotinic ago~ists also 

provide protection against various cellular or neuronal insults, such as ischemia, ethyl 

alcohol, and NGF withdraw! (Jonnala et al., 2003; Picciotto and Zoli, 2002). Further 
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more, these neuroprotective effects of nicotine are abolished in presence of nicotinic 

receptor antagonists such as MLA, a-hgt, and DHf3E d~pending upon the subtype 

involved. nAChRs also modulate GABAergic transmission, resulting in either inhibition 

or disinhibition of the pyramidal neurons, depending upon the intemeurons and the 

agonist acting on these receptors (Albuquerque et al., 2000). 

Various n~uroprotective mechanisms for nicotinic-mediated neuroprotection have been 

proposed which are broadly classified into non-receptor mediated and receptor mediated. 

For the non-receptor mediated mechanism, nicotine has been proposed to inhibit 

mitochondrial complex I (Cormier et aL, 2001), increase cell viability and decrease LDH 
. ) 

release (Garrido et al., 2000), or bind and inactivate Af3 (Salomon et al., 1996). Amongst 

receptor mediated neuroprotective effects nicotine could cause blockage of toxic agents 

such as reduced formation ofMPP+ (Quik and Di Monte, 2001), or the nicotine could 

increase transthyretin levels which has been shown to bind to Af3 and prevent Af3 

aggregation (Li et al., 2000). Nicotine has also been reported to induce neurotrophic 

factors such as FGF-2, BDNF (Belluardo et al., 1998; Maggio et al.," 1998), and to 

increase the expression of trophic factor receptors such as trkA and trkB (French et al., 

1999; Jonnala et al., 2002) and the drug has been reported to modulate APP splicing 

(Monteggia et al., 1994) or to increase the release of f3-APP, a large soluble ectodomain 

of APP that has been known to have a wide range of trophic and protective functions 

(Kim et al., 1997). Various studies indicate that nicotine also modulates various cell 

survival and cell death pathways. It causes activation of PB kinase (Kihara et al., 2001 ), 

increases phosphorylation of Akt (Kihara et al., 2001), increases the·levels of 
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antiapoptotic molecules like Bcl2 (Kihara et al., 2001 ). Nicotine also increases the levels 

of Ca+2 binding proteins (Prendergast et al., 2001a), decreases/inhibits pro-apoptotic 

molecules such as cytochrome C, caspase 3, 8, and 9 (Garrido et al., 2001), and inhibits 

neuronal NOS (Toborek et al., 2000). Nicotine has also been shown to enhance cell 

survival via the JAK kinase pathway (Shaw et al., 2002). 

Af342 (but not Af340) has been reported to bind to a 7 nAChRs with high affinity, and 

different mechanisms involving nAChRs have been proposed to explain the toxic effects 

of Af342 (Wang et al., 2000). It has been suggested, for example, that chronic stimulation 

of a 7 nAChRs by Af3, mainly Af342, causes Ca +2 influx leading to chronic activation of 

the extracellular signal-regulated kinase (ERK2) isoform of the ERK mitogen-activated 
) 

protein kinase (MAPK) cascade followed by down regulation of MAPK (Blum et al., 

1999; Dineley et al., 2002). This derangement ofERK2-MAPK signaling, which plays a 

critical role in memory formation (Blum et al., 1999) could explain in part the memory 

impairment observed in AD. Furthermore, it has been proposed that down regulation of 

ERK2-MAPK could be the initiation of a posit!ve feedback loop forAf3 accumulation 

observed-in AD. According to an9ther view, binding to Af342 but not Af340 to a1 

nAChRs facilitates internalization and intracellular accumulation of Af342 (Nagele et al., 

2002). It has also been proposed that interaction of Af3 with a 7 nAChRs could lead to 

derangement of the GABA system, which plays role"in long-term potentiation and 
' , 

learning (Alkondon et al., 2000) .. a7 nAChRs loc~ted OJ?- GABAergic'interneurons 

modulate GABA release, and chronic stimulation could modulate GABAergic signaling. 

It has also ~een proposed tha(Af3 inhibits the reuptake of glutamate by astrocytes, which 
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in turn leads to excessive glutamate neuronal stimulation with NMDA receptor activation 

and the increase of intracellular Ca +2
• Ca +2 ~activated NOS then leads to NO production 

followed by free radical generation and oxidative- damage. According to an alternative 
' . 

view, a4f32 nAChRs_ agonists could play a part in this mechanism by maintaining 

glutamate uptake (Kihara et al., 1998). These various mechanisms indicate that the 

consequences of a 7 nAChR stimulation by Af342 or by a nAChR agonist on neuronal 

survival in AD are opposite although in _both cases the elevation of intracellular Ca +2 is a 

common event. 

Choline as an agonist of nAChR; comparison to Acetylcholine 

Choline is an integral component of the cell membrane. It is also a precursor as well as 

the degradation product of acetylcholine (ACh). Acetylcholinesterase (AChE), the 

degradative enzyme, is present in various isoforms. 

Though ACh is the endogenous agonist for nAChRs, choline is also a fully efficacious 

and selective agonist for the rat a7 nAChR(Alkondon et al., 1997; Papke et al., 1996) as 

well as a co-agonist (with acetylcholine) at the a4f32 receptor (Zwart et al., 2000). 

Choline also acts as a partial agonist of rat a9 nAChRs, human a9 nAChRs, human a9, 

cd0 nAChRs, rat a4f32 nAChRs, and rat a3f34 nAChRs. In fact, choline was 

demonstrated to be only about 10 fold less potent than acetylcholine in its ability to 

activate or desensitize a7 nAChRs (Alkondon et al., 1997; Mike et al., 2000; Papke, 

1993) and to modulate GABAergic synaptic transmission in CAI interneurons of rat 

hippocampus (Alkondon et al., 2000; Alkondon et al., 1999). The apparent potencies of 
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ACh and choline as agonists for somatodendritic q,7 nAChRs in hippocampal neurons are 

approximately 140 µM and 1.6mM respectively. Determination of single-channel and 

whole-cell currents evoked by the interactions of ACh or choline with a,7 nAChRs in 

hippocampal neurons revealed that the kinetics of receptor activation by the two agonists 

is remarkably similar. The average conductances of choline- and AC_h-activated a,7 

nAChR channels are also very similar, though recovery of a.7 nAChR from 

desensitization differs depending upon whether ACh or choline is the agonist. While a,7 

nAChRs desensitize faster from choline- than from ACh-induced desensitization, times 

for 50% and 90% recovery from desensitizatio:n, between two agonist pulses are · 

considerably longer when ACh is used as the agonist. These results are consistent with 

the concept that the differential a,7 nAChR recovery from desensitization induced by, 

A Ch or choline arises because the low affinity agonist (choline) dissociates faster from 

the receptor, than the high-affinity agonisr(ACh). 

Considering that a,7_.nAChRs are part of the evolutionary oldest family ofnAChRs (Le 

Novere and Changeux, 1995), it is temptfog to speculate that choline rather than ACh was 

the natural transmitter for these receptors. This is particularly relevant because a,7 

nAChRs seem to play a :~ignificant role in numerous aspects of development of 

cholinergic synapses both at the neuromuscular junction (Fischer et al., 1999; Romano et 

al., 1997) and in the central and autonomic nervous systems (Broide and Leslie, 1999). It 

is possible that during maturation of the nervous systems, choline acts as the primary 

endogenous agonist of a,7 nAChRs, given that expression of the ACh synthesizing 

enzyme choline acetyltransferase lags behind the appearance of a,7nAChRs in developing 
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neurons (Aubert et al., 1996; Chiappinelli and Giacobini, 1978; Yamada et al., -1986). In 

addition, taking into account the ubiquitous distribution of cholinesterases in the CNS, it 

is unlikely that high concentrations of AChwill reach ci7nAChRs distant from 

transmitter release sites. Due .to the apparent lo'Y potency of ACh as an a7nAChR 

agonist (Alkondon and Alb~querque, 1993) it is reasonable to assume that choline rather 

than A Ch serves as the primary endogenous agonist for activation of extrasynaptic a7 

nAChRs. Finally, owing to the differential kinetics of inactivation and desensitization of 

a7 AChRs by A Ch and choline (Mike et al., 2000), choline may have an important role in 

regulating a7nAChR-mediated synaptic transmission. Even though cholinesterase 

inhibition does not affect the decay rate of a single synaptic event mediated by 

a7nAChRs (Buhler and Dunwiddie, 2001; Zhang et al., 1996), the compound can 

conceivably alter the refractory period of a7nAChR mediated synaptic transmission, 

especially when presynaptic cholinergic fibers are subjected to high-frequency 

stimulation. 

Choline, Choline analogs, and cytoprotection 

a7nAChR stimulation mediates neuroprotection, and since choline is an a7rtAChR 

agonist; the possibility exists that choline analogs can be neuroprotectants. Earlier 

studies from this lab show that choline, as well as certain analogs made by modifying the 

quaternary nitrogen, produce cytoprotection in growth factor deprived PC12 cells. This 

effect was shown to be mediated by a7nAChRs; and the cytoprotection was blocked 

when the cells were preincubated with MLA (Jonnala and Buccafusco, 2001; Jonnala et 



al.,. 2003). Choline itself can produce cytoprotection, though it is less effective and less 

potent than nicotine. 
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Analogs of choline have been studied for some time. N-ethyl derivatives of choline and 

the N-amino derivative of deanol (dimethylaminoethanol) have been used to study 

cholinergic transmission in neurons at different levels. These compounds have been used 

in in vitro and in situ cholinergic systems to influence cholinergic transmission through 

the formation and release of the respective acetylated analog. It has been shown that 

several choline analogs, both N-substituted as well as N-replace~ent analogs 

(ars~nonium, sulfonium, selenonium, etc.) exhibit the properties of cholinergic "false 

transmitters". These compounds have been shown to act as -substrates· for the plasma 

membrane high affinity choline transporter, they are transported into the cell where they 

are acetylated and stored in synaptic vesicles. Upon nerve stimulation, the acetylated 

analog is released like the neurotransmitter (Barker and Mittag, 1975; Benishin and 

Carroll, 1981; Boksa and Collier, 1980; Burton et al., 1995; Hong et al., 1995; Large and 

Rang, 1978; Naves et aL, 1996; Newton and Jenden, '1985;-Terry et al., 1993b; Von ·· 

Schwarzenfeld and Whittaker, 1977). Moreover, both an antimony derivative of choline 

(Meyer et al., 1982) and [1 1C]-labeled pyrrolidinecholine (Redies et al., 1988) have been 

suggested for use as potential tools for cholinergic neuronal localization studies and for 

the estimation of brain choline metabolism. It has been proposed that the receptor 

binding property of the acetylated analog would determine whether cholinergic synaptic 

transmission would be improved, unchanged, or repressed (Buccafusco and Aronstam, 

1988; Matthews and Chiou, .1979; Patterson et al., 1989) 
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As indicated above, nicotine has been recognized to provide neuroprotection in both in 

vitro and in vivo models of neural toxicity (Akaike et al., 1994; Kihara et al., 1997; Marin 

et al., 1994; Owman et al., 1989; Zamani et al., 1997). These effects of nicotine also are 

also mimicked by the anabaseine derivative 4OH-GTS-21, which acts as an a.7-preferring 

partial agonist (Papke et al., 2000). Choline, like nicotine, can protect neural cells from 

toxic effects induced by growth factor deprivation (Meyer et al., 1998) or by exposure to 

the glutamate analog AMP A (Strahlendorf et al., 2001 ). Choline is of limited clinical 

usefulness due to its relatively low affinity for a7 nAChRs and the requirement for high 

dose regimens. Also, in early clinical trials in which "precursor-loading" with choline 

was examined as a potential AD treatment, the drug was associated with poor compliance 

due to its bioconversion in the gastrointestinal system to trimethylamine (fishy odor). 

Our laboratory has studied several choline analogs in past years (Buccafusco and 

Aronstam, 1988) for their potential role as false cholinergic neurotransmitters. It was 

decided to re-examine these compounds as potential neuroprotective agents. Cultured 

differentiated PC-12 cells were used as the model system in which cytotoxicity was 

induced by the withdrawal of trophic factors (NGF and serum). This model was chosen 

because of the cholinergic phenotype exhibited by the differentiated cells (Amy and 

Bennett, 1983; Furukawa et al., 1991; Pongrac and Rylett, 1998), and because the 

maintenance of basal forebrain cholinergic neurons targeted in Alzheimer's disease are 

also dependent upon constant trophic factor support (Rumpel and Weis, 2002; Lad et al., 

2003). In preliminary experiments the presence of a7 nAChRs ( a-bungarotoxin binding 
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sites) on these cells was confirmed, and the neuroprotective actions of nicotine in terms 

of dose and time-course were characterized (Jonnala and Buccafusco, 2001 ). More 

recently novel choline analogs were synthesized (Buccafusco et al., 2005a) with the 

expectation that they would prove superior to choline and the earlier analogs previously 

examined. 

Current treatments of AD 

The U.S. Food and Drug Administration (FDA) approved two classes of drugs for the 

treatment of AD. The chol~nesterase inhibitors, approved for the treatment of mild to 

moderate, AD include tacrine (Cognex®), d9nepezH (Aricept®), rivastigmine (Exelon®) 

and galantainine (Reminyl®). Memantine (Namenda®), a non-competitive NMDA 

receptor antagonist, was approved in October 2003 for the treatment of moderate to 

severe AD. Memantine ~s generally administered in conjunction with·a cholinesterase 

inhibitor. 

Transgenic mouse models of Alzheimer's disease 

The B6C3-Tg(APPswe, PSEN1dE9)85Dbo/J mouse: The B6C3-Tg(APPswe, 

PSENl dE9)85Dbo/J (Borchelt et al., 1997) mouse strain was used for the studies 

de~cribed below. This double transgenic mouse e){presses mutant human presenilin 1 

(DeltaE9) and a chimeric mouse/human APPswe mutations. The mouse prion promoter 

directs expression of both transgenes. The DeltaE9 mutation of the human presenilin 1 

gene i_s a deletion of exon 9 and corresponds to a form of early-onset AD. The APP is 

altered by "humanizing" the AP domain of the mouse coding sequence by replacing 3 
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amino acids that differ between the two species with the human residues. This allows 

mice to secrete a human AJ3 peptide. Both the transgenic peptide, and holoprotein, can be 

detected by antibodies specific for human sequence for this region (Signet Laboratories' 

monoclonal 6E10 antibody). The chimeric APP was then further modified to encode the 

Swedish mutations K595M/N596L in order to elevate the amount of AJ3 produced by 

favoring processing through the beta secretase pathway. A high level of human 

presenilin protein, which displaces detectable endogenous mouse protein, is also 

immunodetected in whole brain protein homogenates. Transgenic mice develop cerebral 

AJ3 deposits by 6 to 7 months of age. 

When immunized with AJ342, this strain o~ mice develops high titers of serum antibodies 

against AJ342, and exhibits a reduction of cerebral AJ3. Trends towards increased soluble 

.. 
AJ3 peptide in brain and a decrease in assayable AP peptide in .serum of immunized 

compared with control animals have ~een reported (Vehmas et al., 2001). The finding 

raises the possibility that anti-AJ3 antibodies in the periphery sequester AJ3 peptides or 

target them for degradation and in this way contribute to_ the enhanced AJ3 clearance from 

the brain in the immunized animals. 

Non-human Primates 

Non-human primates have been used for studies of cognitive function because of their 

higher level cognitive skills and their ability to perform complex mental tasks as 

compared with rodents. As described below, non-human primates were trained in the 

performance of an operant working memory task - the delayed matching-to-sample 
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(DMTS) task. Two species, aged Rhesus (macacr:z mulatta) and young pigtail macaques 

(macaca nemestrina), were used in the study. Many aged monkeys have been found to 

exhibit amyloid deposits in different brain regions (Gallagher and Rapp, 1997; Sani et al., 

2003) and they have been used for studying the effects of various cognitive enhancing 

agents. Young animals are particularly useful for attention related studied as they are not 

as severely impaired by task-relevant distractors as compared with their older 

counterparts. 

PC-12 cells 

Cultured differentiated PC-12 cells were considered to be well suited for our in vitro 

screening studies. PC-12 cells were originally derived from a rat adrenal 

pheochrom~cytoma. These cells express functional a7 nAChRs (Blumenthal et al., 

1997; R~ngwala et al., 1997) with properties that are very similar to the a.7 receptors 
' . . 

expressed within the CNS (Drisdel and Green, 2000). PC-12 cells express mRNAs that 

encode a3, a5,a7, J32, and J34 subunits that comprise subtypes of brain nAChRs 

(Henderson et al., 1994). PC-12 cells also constitutively express J3-amyloid precursor 

protein. Like basal forebrain cholinergic ne-µrons, differentiated PC 12 cells are 

dependeriton nerve growth factor for survival (]3arbacid, 1994; Chao, 1992; Snider, 

1994), and proliferation (Barbacid, 1994; Chao, 1992). As will be shown below, 

incubation of differentiated PC-12 cells with µM concentrations of nicotine rescues the 

cells from the toxicity induced _by the removal of growth factors. The effect of nicotine 

was mediated largely through a7 nAChRs. ·. Various· analogs of choline also produced the 

· same effect independent of the a7 nicotinic receptor activation. 
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Ca +2 signaling in neurons 

Ca+2 is one of the most important second ·~essengers in the cell - controlling a wide 

variety of cellular processes. The specificity and precise localization of Ca +2 signaling 

machinery is supported by the existence of several intracellular compartments that each 

maintain a clearly distinct Ca +2 homeostasis. These compartments are represented by the 

cytosol, endoplasmic reticulum, (ER) and mitochondria. Whereas the extracellular 

co1_1centration of Ca +2 is approximately 1 mM, in the cytosol, the concentration of free 

Ca +2 is very low, approximately 50-100 nM. This low level is achieved by the 

continuous activity of Ca +2 extruding systems. and by high cytosolic Ca +2 buffers 

(Bumashev and Rozov, 2005; Guerini et al., 2005; Petersen et al., 1994). As a·result, 

activation of Ca +2 entry channels leads to a rapid elevation of intracellular Ca +2
• 

The molecular components that regulate cytosolic Ca +2 flux across the plasm~ membrane 

include the Ca +2 entry channels, such as voltage gated Ca +2 channels (VGCC), ligand 

gated Ca+2 channels (LGCC), transient receptor potential Ca+2 permeable channels 

(TRP), non-selective channels (NSC), and store operated Ca +2 channels (SOC), as well as 

the Ca +2 excluding molecules including Ca +2 -ATPase, plasmalemmal Ca +2 extrusion 

systems (PMCA), and sodium/Ca+2 exchangers (NCX). Gap junctions also appear to be 

important for communication between the cells through which Ca +2 moves (Cheng et al., 

2006). Mitochondria similarly have the ability to accumulate (via a Ca +2 uniporter) and 

release Ca +2 (via sodium/Ca +2 exchanger). Mitochondrial Ca +2 signaling links cell 

activity to ATP production and ROS metabolism. Mitochondria can also participate in 



the regulation of Ca+2
, especially in pathological conditions (Toescu, 2004a, b; Toescu 

and Verkhratsky, 2003). 
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Thus ER serves as storehouse for Ca +2 and it rapidly releases Ca +2 through intracellular · 

Ca +2 channels. Intracellular Ca +2 is sequestered into Ca +2 storing organelles such as ER, 

by the action of SERCA and in Golgi by Ca+2 AT~ase ofGolgi complex (SPCA) (Cheng 

et al., 2006). Ca+2 levels within the ER are set high·ie.~ from 100-800 µM. Intra-ER 

Ca+2 is much lower, i.e., 0.5..;1.0 µM, which favors continuous Ca+2 diffusion through the 

ER. lumen. The ER acts as a very powerful intracellular signaling organelle, integrating 

· various incoming signals with cellular metabolism. 

Pharmacologically there are two types of Ca +2 release storage. sites within cells; IP3 

induced· Ca+2 release (IICR) pools and Ca+2 induced Ca+2 release (CICR) pools. The IP3 

receptor (IP3R) is a key molecule for IICR and the ryanodine receptor (RyR) in CICR. 

Both of these receptor channels are localized intracellularly and release Ca +2 from the 

Ca +2 pools, and thus are called intracellular Ca +2 release channels. 

IP3 is a second messenger produced through phosphoinosotide hydrolysis by the action 

of phospholipase C (PLC) which is activated through G-protein-coupled or tyrosine 

kinase-coupled signaling pathways. These pathways are stimulated by various 

extracellular signals such as hormones, growth factors, neurotransmitters, etc. IP3 binds 

and activates IP3R, and induces the release of stored Ca+2
, resulting in signal conversion 

from IP3 to Ca +2
• RyR is activated following an increase in· cytosolic Ca +2 

( or by 
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mechanical interaction with the dihydropyridine (DHP)-sensitive Ca +2 channel) leading 

to amplification of Ca +2 signal (Carafoli ·and Klee, 1999). Other less studied Ca +2 release 

channels include NAADP receptors (Genazzani and Galione, 1997) and SCaMPER (Mao 

et al., 1996). 

Ca +2 mediated effects range from extremely fast responses such as exocytosis, muscle 

contraction, and regulation of ion channels to long term effects such as regulation of 

protein synthesis, regulation of gene expression, long term adaptive responses, regulation 

of energy production, etc. The universality of Ca+2 signaling makes it·a vital player not 

/ 

only for physiological conditions but also in pathological cellular processes (Cheng et al., 

2006). Depriving of or overloading cells with Ca +2 results in inevitable cell death 

(Berliocchi et al., 2005; Leist and Nicotera, 1998; Paschen and Mengesdorf, 2005; 

Verkhratsky and Toescu, 2003). 

Neurons express different types of Ca +2 channels in different compart~ents of the cell to 

carry out individual functions. For. example, N-and P/Q type VGCC located at synaptic 

endings trigger the release ofneurotransm.itters.· The L-type VGCC located on cell 

bodies and proximal dendrites are ideally positioned to provide the Ca +2 signals that 

induce gene activation. They also function as kinetic filters allowing cell bodies to 

respond effectively to small depolarizations that occur at synaptic spines (Mermelstein et 

al., 2000). L-type VGCCs have a number of targets such as adenylyl cyclase I or III 

(ACI/111), activation of which leads to cAMP production, proline rich tyrosine kinase 

(PYK2), mitogen-activated protein kinase (MAPK), Ca+2/calmodulin dependent protein 
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kinase (CAMK), and calmodulin-calcineurin (CAM-CN). Some of these targets induce 

gene transcription. The neurotransmitter glutamate can also generate Ca +2 signals either 

by activating LGCCs such as NMDA receptors or by stimulating mGluRs to release IP3 

therefore mobilize Ca +2 through the ER. These glutamate induced Ca +2 signals are 

localized to synaptic endings, where they contribute to processes such as L TP and LTD 

(Berridge et al., 2000). 

The Ca +2 signals present in dendritic spines are responsible for mediating the early 

synaptic modification that is implicated in learning and memory. These signals provide 

the Ca+2 entry through such VGCCs and LGCCs (such as NMDA receptors and by 

release through RyRs and IP3Rs (Berridge·, 1998). IP3Rs are sensitive both to IP3 and 

Ca+2
, and they act as as coincidence detectors to correlate the activity of pre- and post

synaptic inputs, which is essential for memory formation. In hippocampal neurons, for 

example, membrane depolarization resulting in Ca+2 entry through VGCCs acts together 

with IP3 produced by mGluRl to synergize in the release of internal Ca +2 (Nakamura et 

al., 1999). 

The different types of Ca+2 signals that result from the IP3Rs and RyRs have different 

degrees of excitability depending on the appropriate levels of the Ca +2 mobilization 

messengers (Berridge, 1997; Lipp and Niggli, 1998). At low levels of stimulation, the 

degree of excitability is such that individual RYRs or IP3Rs open, and these single 

channel events are recorded as quarks or blips (Bootman et al., 1997). These may be 

considered as the fundamental events that are building blocks from which more complex 
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Ca +2 signals are constructed~ These single channel_ events are rare when compared to the 

more prevalent and larger puffs and sparks (Mattson, 1995; Mattson et al., 1995; Mattson 

et al., 1991 ). Puffs and sparks contribute to intracellular Ca +2 signals such as Ca +2 waves 

that sweep through cells. For waves to occur, the majority of the IP3Rs-_and RyRs must 

be s1,1fficiently sensitive to Ca+2fo_respond to each other through CICR. When gap 

junctions connect cells, these intracellula~ waves can spread to neighboring cells, creating 

intracellular waves. The amplitude, kinetic·s of release and decay, and spatiotemporal 

patterns are the primary means by which Ca +2 signals are deciphered into a meaningf1:1l 

biological response (Berridge et al., 2000).. Morever, in polarized neurons, ca+2 release 

can be localized into a particular region, such as the dendritic spine, the axon hillock or 

the sites ofneurotransmittetrelease (LaFerla, 2002). 

Dysregulation of Ca +2 homeostasis has been implicated in neurodegenerative diseases 

such as AD and in cognitive decline in normal aging. The Ca +2 hypothesis of AD was 

first proposed by Khachaturian (Khachaturian, 1989) and later supported with additional 

evidence (Mattson et al., 2000). It has been shown that the secreted form of APP 

normalizes Ca +2 levels and protects neurons against glutamate mediated excitotoxicity 

(Koizumi et al., 1998; Mattson et al., 1993; Smith-Swintosky et al., 1994) and other pro

apoptotic insults (Guo et al., 1998). AJ3, on the other hand, increases the intracellular 

Ca+2 levels (Mattson, 1994). Ca+2 alterations promote cytoskeleton modifications, trigger 

neuronal apoptosis (Mattson et al.~ 1991 ), and cause generation of free radicals (Mattson, 

1995; Mattson et al., 1995). 
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Perturbations of the Ca +2 signaling have also been found in the cognitive decline during 

normal aging (Toescu and Verkhratsky, 2007). Elevated cytosolic Ca +2 levels were 

found in several types of aged peripheral. and central neurons studied in tissue culture and 

in acute slices (Kirischuk et al., 1992; Kirischuk and Verkhratsky, 1996; Kirischuk et al., 

1996; Verkhratsky et al., 1994). Similarly various types of neurons have been reported to 

exhibit increased Ca +2 influx through voltage gated channels (Murchison and Griffith, 

1996, 1998; Thibault and Landfield, 1996; Thibault et al., 1998). Several reports also 

indicate altered cytosolic Ca +2 buffering and Ca +2 accumulation by intracellular 

organelles (Murchison and Griffitp.,. 1999; Murchison et al., 2004; Pottorf et al., 2002; 

Toescu and Verkhratsky, 2003; Verkhratsky et al.~ 1994), as well as changes in the 

release of intracellular Ca +2
• The most consistent change however is down regulation of 

+2 . ' 
Ca clearance processes (Foster and Norris, 1997; Toescu et al., 2004; Verkhratsky and 

Toescu, 1998; Xiong et al., 2002), which results in the substantial prolongation of Ca +2 

signals, particularly iri old neurons .. Howeyer, from the standpoint of Ca +2 homeostasis; 

neuronal aging is associated with more subtle changes in the process, and the dysfunction 

in Ca +2 recovery is not apparent with lower levels of neuronal stimulation (Toescu and 

Xiong, 2004). 

As indicated above, nAChRs have been suggested to play role in a variety of modulatory 

and regulatory processes, including neuroprotection (Dajas-Bailador et al., 2000) .. The 

Ca +2 permeable nature of nAChR~ provides the potential for directly mediating changes 

in intracellular Ca +2 (Mulle et al., 1992). Nicotinic and NMDA receptors are both 

permeable to Ca+2
, although stimulation ofNMDA receptors leads to more robust 
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increases in intracellular Ca +2 than does activation of nAChRs· (Rogers and Dani, 1995). 

Stimulation ofNMDA ;receptors results in excitotoxic damage to neurons, whereas 

nicotinic receptor stimulation results in neuron protection (Dajas-Bailador et al., 2000). 

This may be due to the particular properties of two receptors classes, differing in cellular 

localization, desensitation rates, Ca+2 permeability (Rogers and Dani, 1995; Role and 

Berg, 1996), and involvement of different signaling molecules. 

Ca +2 imaging using Fura-2 and Fluo-4/Fura red dyes 

Fura-2: 

Fura-2 is one of the derivatives of 1,2-bis-(2-aminophenoxy )ethane-N ,N ,N' ,N' -

tetraacetic acid (BAPTA), a double aromatic analog of EGTA (Cobbold and Rink, 1987). 

BAPTA is also the basis of several other Ca +2 chelators, like indo-1 and fura-3 

(Grynkiewicz et al., 1985). These chelators are designed to bind to Ca +2 specifically in 

spite of the concentration differences between intracellular magnesium ( ~ 1' mM) and 

intracellular Ca+2 (submicromolars), to ensure that fura-2 detects minor Ca+2 changes 

against a large magnesium background (Grynkiewicz et al., 1985). Upon binding to Ca+2 

ions, fura-2 changes its excitation wavelength from 340nm to 380nm; this property 

allows fura-2 to serve as a unique candidate for ratimnetric imaging. Compared to -

standard single wavelength fluorescence imaging, ratiometric imaging utilizes special 

dyes that change their fluorescence in their bound and unbound forms to eliminate 

uncertainties such as the intracellular concentration of the dye and differences in path 

length (Heiple and Taylor, 1981). In contrast to quin-2, the widely used predecessor, 



. fura-2 bears a larger fluorophore and exhibits 30 fold stronger fl~mescenc~ than quin-2 

(Cobbold and Rink, 1987; Grynkiewicz et al., 1985). 

Fluo-4: 
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Fluo-4 (Gee et al., 2000) is a new fluorescent indicator that provides brighter images of 

intracellular Ca +2 dynamics as compared to its widely used predecessor fluo-3. Except 

for the replacement of two chlorine atoms by fluorine, the molecular structure of fluo-4 is 

jdentical to fluo~3. This relatively small structural change causes a shift of the absorption 

spectrum such that the efficiency of fluo-4 fluorescence excitation at 488 nm is about 

twice that offluo-3. The fluorescence quantum yields of Ca+2 -bound fl~o-3 and fluo-4 

are essentially identical;· however, the absorption maximum of fluo-4 is blue-shifted 

about 12 nm, as compared with fluo-3, resulting in increased fluorescence excitation at 

488 nm and consequently higher signal levels for confocal laser-scanning microscopy, 

flow cytometry, and microplate screening applications (Coward et al., 1999; Velicelebi et 

al., 1999). The stronger fluorescence signals provided by fluo-4 are particularly 

advantageous in cell types, which are seeded at low densities for pharmacological 

screening assays. 

Fora red: 

A Fura-2 analog, Pura Red indicator offers unique possibilities for ratiometric 

measurement of Ca +2 in single cells by microphotometry, imaging or flow cytometry. 

The visible-wavelength excitation ( 450-500 nm) and very long-wavelength emission 

maximum (,:._,660 nm) of the Fura Red indicator minimize interference from 



autofluorescence and pigmentation in tissues and biological fluids (Wu and Clusin, 

1997). Fluorescence of the Fura Red indicator excited at 488 nm decreases once the 

indicator binds Ca +2 
• 
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In several cell types, simultaneous labeling with Pura.Red and fluo-4 has enabled the use 

of ratiometric measurements for estimating intracellular Ca +2 levels using confocal laser

scanning microscopy (Gomez et al., 2001; Ishimaru et al., 2006; Xu et al., 2004). In the 

present experiments, neurons were loaded with 5 µM of Fluo-4 and Fura red for Ca +2 

imaging using_ confocal microscopy. 



II. MATERIALS AND METHODS 

Cell Culture: 

PC-12 cells: PC12 cells were maintained in 150-cm2 tissue-culture flasks in Dulbecco's 

modified Eagles medium containing 7% horse serum, 7% fetal calf serum, 1 % Minimum 

essential media and 1 % streptomycin (DMEM). The cells were incubated at 37°C in a 

5% CO2-enriched, humidified atmosphere. To attain maximum differentiation, the cells 

were maintained in DMEM containing 1 ng/mL NOF (DMEM.NOF) for 7 days, with the 

medium being changed every 2 or 3 days. 

5HT-1A/ CHO Cells: 5HT-1A / CHO cells were grown in T-75 flask in medium 

-containing 10 % FBS, 1 % pen-strep, 0.5% IM HEPES, 4.5 % distilled H2O, 250 mg 

0418 dissolved in 500 ml Ham's F-12 nutrient mixture. The cells were incubated at 

3 7°C in a 5% CO2-enriched, humidified atmosphere. The confluent cells were passaged 

using Tripsin EDTA every 5-7 days. 

Dl / HEK293 Cells: HEK 293 cells were grown in T-75 flask in medium containing 10 

% FBS, 294.3 mg 0418 dissolved in 500 ml of High Glucose DMEM. The cells were 

incubated at 3 7°C in a 5% COi-enriched, humidified atmosphere. The confluent cells 

were passaged every 5-7 days. 

32 
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Primary Cortical ~ eurons: The primary neurons were purchased from Genlantis (San 
1...' 

Diego, CA.). Primary cortical ne~rons were plated onto glass cover slips precoated with 

poly-D-lysine and laminin. Coverslips were kept in 24 well plates. 50,000 cells were 

plated per cover slip. Cells were maintained in neurobasal media containing B27, 0.5 · 

mM Glutamine and 1 % pen-strep. The cells were incubated at 37°C in a 5% CO2-

enriched, humidified atmosphere. Half of the media was exchanged with fresh media 

two times a week. 

Primary Hippocampal Neurons: The procedure for plating and culture was the same a~ 

for the primary cortical neurons. 

Cell Viability Assay: 

PC-12 cells: Cells were dissociated by trituration and plated at lx104 cells per well in 96 

well plates for 5-7 days in DMEM.:NGF media. Next, the differentiat~d cells were 

incubated with the test drug at different concentrations for 24 hrs. Cell viability 

( cytotoxicity) was determined using the Cell Titer 96 non-radioactive cell 

proliferation/cytotoxicity assay kit (Promega), which is based on the cellular conversion 

of a 3-( 4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) into a 
' ' 

formazan product that can be detected spe~trophotometrically (Mosmann, 1983). After 

depriving the cells from NGF and serum, the medium was aspirated and 15 µl of dye 

solution dissolved in 100 µl DMEM ~as added per well. After additional 4 hr incubation 

at 37°C, 100 µl of solubilization/stop solution was added and the ceUs were incubated for 
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. ' 

18 hours. The absorbance· of solubiHzed MTT fonnazan products was measured at 570 
., . . ' '' .. ~ 

nm. 

Primary Cortical Neurons: The cells were plated at the d~nsio/ of 100,000 cells per 

well in 96 well plate precoated with ploy-D Lysine and laminin. The cells were 

incubated at 3 7°C in a 5% CO2-enriched, humidified atmosphere. The cultures were 

maintained in neurobasal media consisting ofB27, 0.5 mM Glutamine and 1 % pen-strep 

solution. For the cytoprotection assay, the cells were pretreated with JWB 1-84-1 at 

different concentrations for 24 hours. The next day, the cells were challenged with 300 

µM Glutamate for 20 minutes. After 20 minutes, the cells were washed once with 

neurobasal media and-kept in the media containing J\VBl-84-1 at their original 

concentration for 24 hours. Cell viability ( cytotoxicity) was determined using the Cell 

Titer 96 non-radioactive cell proliferation/cytotoxicity assay kit (Promega). On the 

following day, cells were washed twice with neurobasal media and treated with 15 µ1 of 

MTT dye solution in 100 µ1 of media per well for 4 hours. The reaction was stopped 

using 100 µ1 of solubilization-stop solution. The absorbance of solubilized MTT 

formazan products was measured after 18 hours at 570 nm. 

Binding Assay: 

[125l]a.-BGT Binding assay: 

a) PC-12 cells: PC12 cells were plated (100,000 cells per well) on BD BioCoat™ 

Collagen IV 24-well Multiwell Plates (Becton Dickinson, Bedford, MA) containing 

DMEM.NGF media. The culture medium was removed from differentiated cells and 
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replaced with identical medium but containing [1251]-abungarotoxin ([125l]aBGT) with or 

without 1 µM unlabeled aBGT (non-specific binding). The cells were incubated for 2 hr 

at 37°C and rinsed four times with 2 ml aliquots ofHEPES solution (137 mM NaCl, 5.4 

mM KCl, 0.8 mM MgSO;i, 0.9 mM NaPO4, 0.4 mM K2PO4, 1.8 mM CaCh, 2 mg/ml 

BSA, and 10 mM HEPES, pH 7.4). After the washing, cells were detached from the 

_ plate by adding 1 ml of0.lN NaOH in 2% SDS. Bound radioactivity was quantified by 

g_amma counting. Levels of specific binding were no11.11alized to total protein, which was 

assayed by scraping cells in 2% SOS and 0. lN NaOH and·conducting the BCA protein 

assay with BSA as a standard. 

2) ~at Brain Synaptosomes: 

Tissue preparation: Brain tissues from the rats were obtained after decapitation and 

frozen at -80°C until further use. On the day of the assay tissues were suspended in 

50mM Tris.HCL (pH 7.4 at room temperature) and homogenized with a Brinkmann 

Polytron Homogenizer. The homogenate was washed twice by centrifugation at 35,000g 

for 10 minutes in fresh buffer, and the final pellet was suspended in fresh buffer. 

Binding Assay: 

Assays were carried out in TRIS.HCL buffer, pH 7.4 at room temperature. 5-10 mg of 

tissue aliquots were incubated in TRIS.HCL buffer at specific concentration of JWBl-84-

1 and 10 nM [I 125]-aBTX at room temperature for 2 hours. Non-specific binding was 

determined in the tubes incubated with 10 mM nicotine. The final volume of the 

solutions was 2.5 ml. After the end of the 4 hour incubation period, the reaction was 

terminated by vacuum filtration through Whatman GF IC filters, which were mounted on 



a Brandel cell harvester and pre-wet with (4 hours) 0.5 % Polyethylenimine and 1 % of 

non-fat dry milk to reduce binding to the filters. These filters were washed three times 

with 4 ml aliquots of buffer and then counted in a scintillation counter. 

[3H]-Epibatidine Displacement Assay: 
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Tissue preparation: Brain tissues from the rats were obtained using decapitation and 

frozen at -80°C until further use. On the day of the assay, tissues were suspended in 

50mM Tris.HCL (pH 7.4 at room temperature) and homogenized with a Brinkmann 

Polytron Homogenizer. The homogenate was washed twice by centrifugation at 35,000g 

for 10 minutes in fresh buffer, and the final pellet was suspended in fresh buffer. 

Binding Assay: Binding assays were carried out as described by Houghtling et al. 

(1995). Briefly, 5-10 mg of tissue aliquots were added to the tubes containing TRIS.HCL 

buffer, pH 7.4, JWBl-84-1 (at specified concentration) and lnM Epibatidine. The 

solutions were incubated for 4 hours at room temperature. Non-specific binding was 

determine.d in tissues incubated in the presence of 300 µM nicotine. Specific binding was 

determined as the difference between total binding and nonspecific binding: The final 

volume of the solutions was 2.5 ml. After the end of 4 hour incubation period, the · 

reaction was terminated by vacuum filtration through Whatman GF IC filters, which were 

mounted.on a ~randel cell harvester and pre-wet with (4 hours) 0.5 ~ polyethylenimine 

to reduce ·binding to the filters. These·filters were washed three times with 4 ml aliquotes 

of buffer and then counted in a scintillation counter. 

Measurement of High-Affinity Choline Uptake (HAChU) in Synaptosomes: 
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After rats were killed by decapitation their brains were removed rapidly and placed on a 

cold plate; the cerebral cortex was quickly dissected out and homogenized in 

approximately 3 volumes of ice-cold 0.32 M sucrose. Cell debris was removed by 

centrifugation of the supernatant at 1000 g for 5 mi11:. A crude synaptosomal pellet was 

obtained by centrifugation at 17,000g for 15 min. The supernatant was discarded and the 

pellet resuspended in the original volume of 0.32 M sucrose. HAChU of a tracer amount 

of [3H]choline chloride was measured essentially according to the procedure described by 

(Simon et al., 1976). Aliquots of the synaptosomal preparation were incubated with [3H]

choline in Kreb's phosphate buffer, pH 7.4 containing 10-5 M physiostigmine in the 

presence of added unlabelled choline (0.2-2µM). This range of choline concentrations 

was employed to avoid any significant contribution of the low affinity transporter, which 

has Km of about 50-100 µM. The composition (mM) of normal Krebs-Ringer phosphate 

buffer .. was (NaCl, 126; KCl, 4.75; CaCh, 1.27; Na2HP04, 15.8; MgCh, l.42;·dextrose, 2 

mg/ml). Duplicate samples containing each of the 5 choline concentrations were 

. incubated at 37°C for 5 min before being placed on an ice bath. Nonspecific uptake 

measured as uptake of labeled choline at 0°C was subtracted for each sample. Low 

affinity uptake was measured in Sodium free medium (Tris Phosphate l 5.8mM; KCl, 

· 4. 75mM; CaCh, 1.27mM; Sucrose, 252mM; MgCh, 1.42mM; dextrose, 2 mg/ml). The 

synaptosomal fractions were subsequently separated from unbound labeled by filtration, 

washed and the radioactivity quantitated by liquid scintillation spectrometry. 

Synaptosomal protein content was measured (Bio-Rad Protein Assay, Bio-Rad 

laboratorie·s, Richmond,. CA) and the uptake expressed as pmol of choline taken up per 5 

min per mg protein. High affinity uptake was calculated by subtracting low affinity 
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uptake from the total uptake. Lineweaver-Burke plots were constructed, and Km and 

Vmax determined by analysis of the regression lines. In separate experiments, 0.2 µM, 2 

µM and 20 µM concentrations of the choline analogs w~re competed against trac~r 

amounts· of [3H]-choline. 

Determination of Activity at 5HT1A receptors: 

5HT1A/CHO cells were seeded in 24-well plates (1x105 cells/well) one day before the 

assay. The cells were grown to 90-95 % confluency. The cells were washed once with 

cAMP assay buffer (118 mM NaCl, 4.6 mM KCl, 1 mM CaCh, 1 mM MgCh, 10 mM D

glucose and 20 mM HEPES, pH 7 .2). After 10 min treatment with cAMP assay buffer 

containing 200 µM IBMX at 37°C, for the agonist studies cells were incubated with 1nm 

-IO0µM 8-OH-DPAT (Sigma, USA) or JWBl-84-1, 10 µM forskolin and 200 µM IBMX 

at 37°C for 15 min. For antagonist study in separate experiments, the cells were pre 

incubated with various concentrations of WA Y-100635 (Sigma, USA) or JWB 1-84-1, 20 

min before the addition of 10 nM 8-OH-DPAT (Sigma, USA) and forskolin. Untreated 

cells were used as the control. The incubation was terminated by the replacement of 

buffer with ice-cold cAMP assay buffer containing 0.05% Triton X-100 for 5 min. The 

Triton X-100 containing buffer was then recovered and centrifuged for 5 min to remove 

the cellular debris. Sample solution was stored at -.80°C until cAMP assay was 

conducted. Concentrations of cAMP were measured using enzyme immune assay kit 

(Assay Designs, Ann Arbor, Michigan). The sample solution was appropriately diluted 

and cAMP was acetylated according to the specified protocol. All assays were carried 

· out following the manufacturer's instruction manual. 
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Determination of Activity at D1 receptors: 

Dl/HEK293 cells were grown in 24-well plates one day before the assay. The cells were 

grown to 90-95 % confluency. The cells were washed once with RBS buffer (150 NaCl, 

2.5 mM KCI, 4 mM CaCh, 2 mM MgCh, 10 mM D-glucose and 10 mM HEPES, pH 

7.4). After 20 min treatment with RBS containing 100 µM Ro 20-1724 (Sigma, USA) at 

37°C, for the agonist studies cells were incubated with lmM JWBl-84-1 or lµm 

Dopamine, at 37°C for 15 min. For the antagonist studies, various concentrations of 

JWB 1-84-1 were competed against 1 µM Dopamine. Untreated cells were used as the 

control. The incubatio1;1. was terminated by washing the cells once with ice cold RBS 

buffer. The cells were lysed using 0.1 M HCI and the lysates were transferred to a tube 

and centrifuged at 12000 RPM for·15 minutes. Supematants were used for measuring the 

cAMP levels using enzyme immune assay kit (Assay Designs, Ann Arbor, Michigan). 

All assays were carried out according to the manufacturer's instructions. 

Measurement of Intracellular Ca +2
: 

Hippocampal cells: 

Hippocampal neurons were grown in 25-mm glass cover slip chambers previously coated 

with poly-D-lysine. For Ca+2 imaging studies, cells were washed one time in Hank's 

Buffered Saline (RBS) consisting of the following: 150 mM NaCl, 10 mM NaHEPES, 10 

mM D-glucose, 2.5 mM KCl, 2 mM MgC12, 4 mM CaC12, at pH 7.4. Cells were then 

loaded with 5µM fura 2-AM (dissolved in .0125% Pluronic acid and diluted with DMSO) 

(Molecular Probes). Cells were incubated in the dark at 37°C for 30 min. Cells were 
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then rinsed three times in HBS. Fluorescent images offura 2-loaded hippocampal 

neurons were captured with a ZEIZ Axiovert 135 fluorescent Camera with PXL modular 

high performance CCD camera. A visual field was selected containing 8-10 neurons. 

For excitation, a shutter was connected to the camera, permitting brief exposures of the 

neurons to the UV light. Alternations of intracellular Ca +2 were measured by analyzing 

the ratio offura 2 fluorescence (>510 nm) excited at the 340 and 380 nm. Various 

concentrations of JWB 1-84-1 were added directly to the cells mounted on the 

microscope. For the experiment performed with nicotinic antagonists, neurons were 

treated with the antagonists 10 minutes prior to mounting on the microscope for Ca +2 

imaging. 

In order to load fura-2 or Fluo4/Fura red into targeted cells both conveniently and 

successfully, the cell permeable acetoxymethyl (AM) ester form of the indicator was 

used. The lipophilic AM ester attachment allows the dyes to diffuse into cells passively 

(Tsien, 1989). Upon entering cells, the AM ester moiety is cleaved by non-specific 

esterases and the Ca +2 indicator becomes impermeable and trapped inside the cells. The 

hydrophobic nature of the AM esters imparts poor solubility in aqueous solutions; so that 

they are dissolved in dimethylsulfoxide (DMSO) and the non-ionic detergent Pluronic F-

127 to ensure dispersion. An incubation time of 10 min to 1 hr is usually sufficient, 

either at room temperature or at 3 7°C (Haugland and Johnson, 1999). 

Cortical neurons 
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Cortical neurons were grown in 25-mm glass cover slip chambers previously coated with 

poly-D-lysine and laminin. For Ca+2 imaging, cells were washed one time in Hank's 

Buffered Saline (HBS) consisting of the following: 150 mMNaCl, 10 mMNaHEPES, 10 

mM D-glucose, 2.5 mM KCl, 2 mM MgCh, 4 mM CaCh, at pH 7.4. Cells were loaded 

with 5 µM Fluo-4 AM and 5 µM Fura Red AM (Molecular Probes), dissolved in 

0.0125% Pluronic acid and diluted with DMSO, and incubated in the dark at 37°C for 45 

min. Cells were then rinsed three times in HBS. For the experiments p~rformed in Ca+2
-

free conditions the cells were tre~ted with Ca+2-free HBS consisting of 150 mM NaCl, 

10 mM NaHEPES, 10 mM D-glucose, 2.5 mM KCl, 8 mM MgCh, 0.25 mM EGTA, at 

pH 7.4. A Zeiss LSM-510 confocal microscope ~ith a 488-nm wavelength light from an 

argon laser was used to examine the intracellular Ca +2
• Fluorescence images for 

ratiometric Ca+2 were collected at 505- to 550-nm and 2:: 585-nm wavelengths, for Fluo-4 

and_Furo-red, respectively, by using 512 pixel box and a 40X objective. Fluorescence 

_.images were colle_cted every 1 sec interval, the intensity of fluorescence was quantified, 

and changes were normalized to baseline by using Zeiss LSM-510 software. 

Measurement of cerebral Af342: 

A separate cohort consisting of23 male and 4 female Tg mice were used in this 

experiment. Cortical tissue was homogenized in 6.5 volumes of buffer containing 20mM 

Tris-HCl, pH 8.5 containing protease inhibitors (Complete, Scandinavia AB). After 

centrifugation (100,000 g for lh at 4°C), the supernatant was diluted 1:1 with phosphate

buffered saline containing 0.5% bovine serum albumin 0.05%, Tween 20, and protease 

inhibitors (Complete, Scandinavia AB). The levels of Af342 were analyzed by an 
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amyloid [1-42] colorimetric ELISA kit. (Biosource Inc., CA). The kit antibodies are 

specific for the human Af342 and they do not recognize mouse Af3 peptides. The values 

were calculated by comparison with a standard curve prepared from solutions Qf human 

Af342. The absorbance at 450 was determined using a µQuant Universal Microplate 

spectrophotometer (Bio-Tek Instruments, Winooski, VT). 

Study subjects 

All procedures were reviewed and approve~ by the Medical College of Georgia 

Institutional Animal ~are and Use Committee and they are consistent with AAALAC 

guidelines. 

Mice: Heterozygous breeding pairs were originally purchased from Jackson Laboratories, 

Maine. USA; f~rther bree~ing and maintenance of the colony was carried out in the 

Laboratory Animal Services facil_ity at the Medical College of Georgia. Mice were 

maintained in a humidity(50-55%)- and temperature (21-23°C)-controlled room on a 12-

hr light/dark cycle (lights on at 6:30 AM). Genotyping was performed in-house by 

standard procedures. After selection for behavioral evaluations the mice were housed 

individually. Four separate cohorts of mice were used in the studies described below: 

Cohort 1: AD-Tg and wild-type mice (12-15 months of age) used for the behavioral 

characterization between strain~ and Morris water maze; Cohort 2: AD-Tg mice ( 4-28 

months of age) used to determine the cerebral amyl<;>id levels. Cohort 3: AD-Tg and 

wild-type mice (10-12 months of age) used to ascertain strain differences in RA WM 

performance; Cohort 4: AD-Tg mice (9-11 mnths of age) used to determine the effects of 
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JWB 1-84-1 in the water maze. The sex distribution for each cohort within each strain 

was largely a function of the breeding outcomes at the time of the experiments. ANOVA 

for each experiment in each study showed no effect of sex in any of.the parameters 

measured. The sex distribution is now indicated for each cohort in the Methods section 

for each study. · 

Non-human Primates: The subjects used in this study, four male and seven female 

Rhesus monkeys (macaca mulatta), and five male and five female pigtail macaques 

(macaca nemestrina) were individually housed at the Animal Behavior Center of the 

Medical College of Georgia in stainless steel cages composed of multiple 127 x 71 x 66 

cm units. To promote psychological well-being toys and foraging tube~ were provided 

routinely and monkeys were allowed to observe television programs each afternoon after 

testing and on weekends. The subjects were well trained (> 100 individual sessions) in 

the delayed matching-to-sample (DMTS) task. The animals were maintained on tap 

water (unlimited) and standard laboratory monkey chow (Harlan Teklad Laboratory 

monkey diet, Madison, .WI) supplemented with fruits and vegetables. The animals were 

maintained on a feeding schedule in which all food was removed from cages at about 

0630 hr, and replaced after completion of testing of all subjects for the day (at about 1630 

hr). During testing, additional food intake was derived from 300 mg reinforcement food 

pellets ( commercial composition of standard monkey chow and banana flakes, Noyes 

Precision food pellets, P.J. Noyes Co., Lancaster, NH) obtained during experimental 

sessions. On weekends, animals were fed without time restrictions. The monkeys were 

maintained on a 12 hr light-dark cycle and were tested each weekday between 0900 and 

\_ 
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, 1400 hr. Room temperature and humidity was maintained at 72±1°C and 52±2%, 

respectiv~ly. In addition to the demographic information provided in Table 1, each of the 

subjects had participated in one or more previous studies 1n which potential cognitive 

enhancing agents were evaluated. The agents in question were proprietary agents and so 

no description of their pharmacological properties can be disclosed, other than they were 

short-acting compounds, and they were administered during acute studies no more than 

twice per week. No side effects or long-lasting effects were associated with any of these 

earlier studies, and all animals were provided at least a 4 week washout period prior to 

the present series. For the female animals in the study, testing was administered between 

menstrual cycles. 

Mouse behavioral test battery: 

This cohort included 11 male and 9 female wild-type mice, and 10 male and 2 female Tg 

mice. 

Grip Strength Measurements: Forelimb grip strength (measured in kilograms of 

' resistance) was measured by using a digital grip strength meter (Animal Grip Strength 

System, San Diego Instruments, San Diego, CA). Forelimb strength was measured by 

holding the mice by the nape of the neck and by the base of the tail. The forelimbs were 

placed on·the tension bar, and the mice were pulled back gently until the mouse released 

the bar. 
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Elevated Plus-Maze: An elevated plus-maze (in-house construction) was used to 

determine the unconditioned response to a potentially dangerous environment. Anxiety

related behavior was measured by the degree to which the subject avoided the unenclosed 

arms of the maze. Each mouse was placed in the center of an elevated (100 cm above the 

floor) four-arm maze (arm length= 35 cm) in which 2 arms were open and 2 were 

enclosed. A closed circuit camera was used to record the subject's behavior. The 

number of times the animal entered each of the arms, and the time spent in each arin was 

recorded. 

Light-Dark Preference (emergence neophobia): The instrument (Med Associates Inc. 

St. Albans, VT) consisted of an enclosure that was divided into a transparent (lighted) 

zone and a dark zone. A small portal in the center allowed the mouse to freely move 

from one zone to the other. The activity of the mouse was recorded by computer as a· 

series of UV beam br~aks. A low level of illumination was maintained in the testing 

environment. The mouse was first placed· in the light zone facing the outside wall and 

allowed to move freely for 5 min. The measured parameter was ·time spent in each of the 

two zones: 

Open Field Locomotor Activity: Animals were placed in an open field chamber (27 ._9 

cm x 27 .9 cm) that uses a series of horizontally and vertically mounted photo beams to 

monitor animal movements (Med Associates Inc. St. Albans, VT). Beam bra~es were 

analyzed and converted to directionally-specific movements by computer. Animal 

movements were recorded continuously for 5 min. 
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Accelerating Rotor-rod: The mouse was placed on a rotating rod (3.18 cm.diameter) 

between two fixed disks that served as walls to maintain the animal in the same direction 

during the rotation (ROTOR-ROD™ System, San Diego Instruments). The speed of 

rotation was gradually increased and duration of the subject's ability to remain on the rod 

was recorded. Four trials were administered per session over two consecutive days. 

Morris Water Maze: The Water maze testing was performed in a black circular pool. 

The pool was filled to a depth of 35 cm with water that covered an invisible (black) 10-

cm square platform. The platform was submerged approximately 1.0 cm below the 

. surface of the water and placed in the center of the northeast quadrant. The pool was 

located in a large room with a number of extra-maze visual cues including highly 

reflective ~eometric images (squares, triangle~, circles, etc.) hung on the wall, diffuse 

-
lighting, and black curtains used to visually isolate the test rat from the experimenter and 

awaiting mice. Swimming activity of each mouse was monitored via a closed circuit TV 

. camera mounted overhead, which relayed information including _latency t_o find the 

platform, total distance traveled, time an_d distance spent in each quadrant, etc., 

(Actimetrics, Evanston, IL) to a video tracking system (Poly-Track, San Diego 

Instruments, San Diego, CA). 

Hidden platform test: Each mouse participated in four trials per day for eleven . . 

consecutive days to find the hidden platform. A trial was initiated by placing the mouse 

in the water facing the pool wall in one of the four quadrants ( designated NE, NW, SE, 

SW). The daily order of entry into individual quadrants was randomized such that all 



47 

four quadrants were used once every day. For each trial, the rat was allowed to swim a 

maximum of 90 s, in order to find the platform. When successful the mouse was allowed 

a 30-s rest per~od on the platform. If unsuccessful, .within the allotted time period, the 

mouse was given a score of 90 s and then physically placed on the platform and· also 

allowed the 30-s rest period. In either case, the mouse was immediately given the next 

trial after the rest period. 

Probe trials: On day 12,.one probe trial (transfer tests) was given in which the platform 

was removed from the pool,. This was accomplished by measuring the time and distance 

traveled in each of the four quadrants and the number of crossings over the previous 

platform lpcation (i.e., 1 0-cm2 area). 

Radial Arm Water maze (RA WM): The task was conducted as described_ by Arendash 

et al. (2001) in a 6 arm maze 160 cm in diameter with arm length 30 cm and common 

circular swim area of 40 cm (in-house construction). The pool was filled to a depth of 35 

cm with water that covered an invisible (black) 10-cm circular platform. The platform· 

was submerged approximately 2 cm below the surface of the water and placed in the 

center of an arm. The pool was located in a room with extra-maze visual cues including 

highly reflective geometric images that were fixed throughout the study. Two separate 

cohorts of mice were used in these experiments. The first cohort consisting of 7 male and 

4 female wild-type mice, and 6 male and 1 female Tg mice, were used to determine strain 

differences in task performance. The ~kcond cohort consisting of 6 male and 5 feinale 

AD Tg mice were used to determine the effect of JWBl-84-1 on task performance. 
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The mice were. pre'.'"trained to swim in the ~ WM for 5 days/week for 2 weeks. Each 

training session :consisted of five,'·2-min trials; a 6th' (retention) trial was administered 

after a 30 min interval. In each trial the mouse was placed in one on the randomly 

assigned arms (start arm) and allowed 120 sec to swim through the maze and locate the 

platform. The arms entered by the mouse were recorded in order. An error was recorded 

each time the mouse entered the a~ not c.ontaining the platform. A mouse was 

considered to have entered an arm once frs·whole body was past the entrance to an arm. 

However, if time expired the mouse was gently guided to the platform. Once the 

platform was found, the mouse remained there for 30 sec. It was then removed from the 

platform, dried with a towel, and placed in·a warm cage for 90 sec. For the next trial the 

mouse was subsequently released from a different start arm into the maze and allowed to 

locate the platform. At the end of the 5 trials the mouse was returned to its home cage. 

The location of the platform was changed daily. For the drug studies mice were first 

administered 14 training sessio1:1,s (5 trials each) to promote stable performance prior to 

drug administration. Stable performance on the task was defined as three consecutive 

sessions (days) with the average number of total errors ( all 5 trials) not deviating by more 

than 2 errors. For all subjects this occurred between sessions 12 and 14. On the next day 

the mice were injected subcutaneously with sterile normal saline (vehicle) or JWB 1-84-1 

ten miri prior to the start of each 5-trial session. 

Delayed Matching-to-Sample (DMTS): 

Standard task: Test panels attached to each non human primate's home cage present the 

delayed matching-to-sample (DMTS) task by using a computer-automated system 



49 

(Buccafusco et al., 2002). A touch-sensitive screen (15 in. AccuTouch LCD Panelmount 

TouchMonitor)/pellet dispenser unit (Med Associates) mounted in a lightweight 

aluminum chassis was attached to the home cage. The stimuli included red, blue, and 

yellow rectangles. A trial was initiated by presentation of a sample rectangle (with a 3D 

look) composed of one of the three colors. The sample rectangle remained in view until 

the monkey touched within its borders to initiate a pre-programmed delay (retention) 

interval. Following tqe delay interval, the two choice rectangles located below where the 

sample had been were presented. One of the two choice rectangles was presented with its 

color matching the stimulus color, whereas the other (incorrect) choice rectangle was 

presented as one of the two remaining colors. A correct (matching) choice was 

reinfor~ed. Non-matching choices were neither reinforced nor punished. The inter-trial 

, interval was 5 sec and each session consisted of 96 trials. The presentation of stimulus 

color, choice colors, and choice position (left or right on the screen) were fully 

counterbalanced so as to relegate non-matching (mediating) strategies to chance levels of 

accuracy. Five different presentation sequences were rotated through each daily session 

to prevent the subjects from memorizing the first several trials. 

Monkeys exhibit individual capabilities to maintain matching-to-sample accuracy, 

particularly as delay intervals are ext~nded. Delay intervals were established during 

several non-drug sessions or vehicle sessions run prior to initiating the study. The 

duration for each delay interval was ·adjusted until three levels of performance difficulty 

were obtained:'Zero delay (85-100% of trials answered correctly); Short delay interval 

(75-84% correct); Medium delay interval (65-74% correct); and Long delay interval (55-
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64% correct) representing each animal's limit in terms ofDMTS performance. Zero 

delay (nearly .simultaneous matching) was included as a control to monitor the animals' 

ability to maintain reference memory, and the ability to match-to-sample. The 

assignment of retention intervals based upon an individual's baseline levels of task 

accuracy is necessary to avoid ceiling effects in the most proficient animals during drug 

studies, while also serving to insure that each animal begins testing at relatively the same 

level of task difficulty (Paule et al., 1998). Accuracy values obtained for each difficulty 

level (retention interval) were averaged and recorded as the mean percent correct. Drug 

effects were calculated as the absolute change from ·vehicle-associated accuracy. A 3 min 

interval was allowed for the animal to respond after a sample or choice presentation. 

Failure to respond initiated the next trial in the sequence. Each trial that does not receive 

a response is deemed not applicable and the % trials correct is determined only from the 

total number of trials actually completed. At least 64 trials must be completed to 
. . 

constitute a valid session. In addition to session accur~cy and the number of completed 

trials, two (median) response laten~ies also were measured: the "sample latency", which 

is the time between presentation of the sample color and the animal touching the sample 

rectangle; and the "choice latency", which is the ti_me between presentation of the choice 

__ rectangles and the animal touching one of the choice rectangles. Latencies were recorded 

as the nearest 100th of a sec. For fu1:"1:her details see (Buccafusco et al., 1995; Terry et al., 

1993a). 

Distracter DMTS: Distracter stimuli were presented in a non-predictable manner to the 

non human primate on -18 of the 96 trials completed during distracter DMTS sessions. 
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The stimuli were presented simultaneously with the sample and choice rectangles for 3 

sec and they consisted of a random pattern of the three colored rectangles flashing in an 

alternating manner. The distracter imag~s were comprised of the same 3 colors used for 

sample and choice stimuli presentation. The total duration of onset for a given colored 

rectangle was 0.33 sec. Immediately as one colored rectangle was extinguished, a 

different colored rectangle was presented ... Thus, during presentation of the distracter, 

each color was presented in random order for each rectangle 3 separate times. Distracter 

stimuli were present an equal number of times on trials with Short, Jvledium, and Long 

delay intervals. The remaining trials were completed with no.delay interval or distracter 

and they are r~ndomly placed throughout the test ses~fon .. 

Statistical analyses: 

Behavioral data were analyzed by use of a multi-factorial analysis of variance (ANOVA) 

with repeated measures (SAS, JMP statistical software package). The effects of drug 

dose, delay interval, time of testing (i.e. the time elapsed between drug administration 

and DMTS testing), and all crosswise interactions were assessed. If significant 

differences were observed associated with drug dose, a post hoc test (paired t-test) was 

performed. Comparisons for all data were made using vehicle-derived baseline data. All 

error bars refer to the standard error of the mean for each variable. 

The area under the curves for the Ca +2 imaging data were computed using SigmaPlot for 

windows, version 10 (Systat Software, Inc., San Jose, CA). Briefly, the regions of 

interest were selected for each individual trace and areas were computed using the 

software package. The region of interest ranged from the start of the drug mediated 



change in intracellular Ca +2 until termination of the response. The responses from each 

experiment were averaged and plotted as mean± S.E.M. The data from the in vitro 

studies were analyzed using one way ANOV A and t-test using SigmaStat. for windows 

version 3.0 (Systat Software, Inc., San Jose, CA). 

JWBl-84-1 synthesis: 
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The N'-benzyl-N-hydroxyethyl piperazine derivative JWBI-84-1 ·was designed as a 

tertiary amine derivative of choline (Fig. 5). The compound was synthesized from the N

hydroxyethyl piperazine starting material (Buccafusco et al., 2005a). 



III. RES UL TS. 

Screening of the novel analogs of Choline in the Cytoprotection assay: 

Choline analogs were examined in the NGF withdrawal toxicity model that utilized 

differentiated PC-12 cells. In this model nicotine reverses the cytotoxicity associated 

with the removal ofNGF and other trophic factors. The potency and efficacy of nicotine 

is 0.18 µM and 108 % respectively. Under similar conditions, analogs of choline were 

found to exert varying cytoprotective effects. Some analogs showed efficacy and 

potency similar to nicotine. Based on effectiveness in the cytoprotective assay a 

structure-activity relationship for the choline analogs was constructed. When incubated 

with differentiated PC-12 cells for 24 hr prior to growth factor withdrawal, 15 of these 

compounds protected cells with a similar, if not greater, potency as nicotine (Figure 1 ). 

Four main chemical classes were represented by the various analogs: pyrrolidines; N

OH-substituted pyrrolidines; N-OH-substituted phenyls; and piperazines. The order of 

potency (the average EC50 in µM) as cytoprotective agents was: N-OH-substituted 

pyrrolidines (0.35) > N-OH-substituted phenyls (1.36) > piperazines (9.12) > pyrrolidines 

(19.3) (Figure 2). The hydroxyethyl group on the nit~ogen appeared to be necessary for 

optimal activity. Those compounds without this group, including PM-10 through PM-14, 

were less active than PM-2, PM-4 and PM-6 which contained the hydroxyethyl group on 

the quaternary nitrogen (Figure 1 ).' Substitution of a fluorine atom on the phenyl ring in 

the 3rd or 4th positions enhanced the activity over the unsubstituted pheriyl ring. 
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Replacement of the phenyl ring with a 2-pyridyl or 3-pyridyl ring also enhanced 

cytoprotective activity. The pyrrolidine compounds (PM series) were less potent than the 

N-methyl-N-hydroxyethyl compounds (JAY series and G-6, "Benzyl Cholines") (Figure 

1 ). This could be due to conformational restrictions imposed by the pyrrolidine ring. 

The pyrrolidine compounds have a chiral center. Th~ compounds evaluated are racemic 

mixtures. This implies that one enantiomer should be more active. In addition, the 

enantiomer that more closely matches the active conformation of the N-methyl-N

hydroxyethyl compounds should be as potent or more potent. The piperazine compounds 

are in general less potent than the other two groups. With the exception of G-7, all are 

less active than nicotine ii1 the assay (Figure 1). Interestingly, the same trend for the 

substitution of the phenyl ring seems to hold, in that the more potent compounds of the 

group are the 3-~uorophenyl (G-7) and the. 2 and 3 pyridyl compounds (JWBl-84-1 and 

JWB 1-85-1) (Figure 1 ). 

Investigation of the-Choline Analogs as Inhibitors of HAChT: 

Freshly prepared rat brain synaptosomes were used for the measurement of the inhibition 

ofHAChT. Initially the choline transporter in the.synaptosomes was characterized using 

[3H]-choline. Studies indi_cated that kinetics of the hi$h and low affinity choline 

transporters were respectively, Km: 1.1208±0.3 µM; Vniax: 3240 ±431 pmoles/mg/min 

and Km: 4.59±0.48 µM; Vmax: 2650±206 pmoles/mg/min (Figure 3). The choline 

analogs as a group exhibited v~ry minimal inhibition of [3H]-choline transport over the 

concentration range: 0.2-2 µM. The ability of each choline analog at 20 µM to inhibit 
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[
3H]-choline transport is shown in Figure 3. These results indicate that•the analogs do not -

appear to act as a substrate for either the high or low affinity choline transporters. 

Screening of the Choline analogs on a,7 nAChRs: 

Originally it was hypothesized that, since many of the choline analogs were potent 

cytoprotective agents, that their effects, like nicotine or choline, were mediated through 

the activation of a,7 nAChRs. In order to evaluate this possibility advantage was taken of 

the fact that differentiated PC-1_2 cells express a,7 nAChRs. Therefore the binding of the 

choline analogs to -a,7 nAChRs ori the cells was evaluated. In~tially the a,7 nAChRs in 

these cells was characterized by competing MLA against [125I]-aBGT. The results of 

these experiments indicated that MLA.effectively displaced [125I]-aBGT with an EC50 of 

3.6 nM (Figure 4). Next, each choline analog (10 µM) was similarly competed against 
. -

[
125I]-aBGT. In contrast to the_or~ginal hypothesis.none of the analogs exhibited 

significant binding potencies for a,7 nAChRs (Figure 4). The cytoprotective properties of. 

the choline analogs were next related to their abilities to bind a,7 nAChRs. As indicated 

in Figure 4, there was no significant correlation between the two variables. 

Selection of the Lead Compounds: 

After the evaluation of these choline analogs for their cytoprotective effectiveness in 

NGF differentiated PC-12 cells, their binding properties at a,7 nAChRs and their 

transport across choline transporter in rat brain synaptosomes, cytoprotection data was 

used as the guide to select the lead compound for further evaluation. Three lead 

compounds from three different classes were selected: (1) JWBl-84-1 (Piperazine), (2) 



JAY 2-22-33 (N-OH-ethyl, Substituted Phenyl), (3) ~M-2 (Pyrrolidine). All of these 

analogs exhibited near nicotin'e like efficacy and potency [PM-2 (EC50: 94.90, 

Kd: 0.08 µM); JWBl-84-1 (EC50: 113.94, Kd: 0.27 µM); JAY 2-22-33 (EC50: 95.61, 

. Kd: 0.039 µM)]. JWBl-84-1, a piperazine derivative was further studied in in vivo 

model systems. The structure of JWB 1-84-1 is shown and compared with choline in 

Figure 5. 

Studies in AD Tg Mice: 
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Preliminary test battery: To enhance the clinical relevance of these initial experiments 

wi~h JWB 1-84-1 a strain of double transgenic mice were utilized ·that over-express 

cerebral amyloid by 7 months of age. Measurement of.ce;ebral amyloid levels at various 

age points showed that these mice ~xhibited maximal Af342 deposits starting at 10 

months of age (Figure 6). Prior to memory testing in the strain we first compared the 

ability of AD Tg mice with the age-matched wild-type cohort to perform a series of 

standard behavioral tasks designed to assess general motor activity, muscle strength, 

anxiety, and coordination. As indicated in Figure 7, ~ Tg mice (12-15 months of age) 

were not significantly different from the wild-type cohort in their ability to perform in an 
r 

open field (center: t =0.56, ·P = 0.582; periphery: t = 0.56, P = 0.58), on the accelerating 

Rotor-rod (t =0.64, P = 0.53), in the light-dark chamber (dark compartment: t = 0.40, P = 

0.69; light compartment: t = 0.50, P = 0.62), or in the elevated plus maze (t =1.575, P = 

0.125). Additionally, there was no between-strain difference in grip strength (t = 0.19, P 

= 0.85). The lack of inter-strain differences in these paradigms indicated that there 
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would be little or no mediating or non-mnemonic factors specific to the AD Tg animals 

that could influence the results derived from the. subsequent memory task. 

The mice were then tested for the spatial memory tasks in the Morris-Water Maze (12-15 

months of age). This task tests the spatial reference memory. The mice were trained for 

5-7 days. After training, each mouse was tested for its ability to find a 10 cm hidden 

platform in the 100 cm2 pool, which was filled with water. The pool was located in the 

room where highly reflective geometric cues were placed. The mice were tested for 

eleven days with four trials per day. For each trial the mouse was released in the pool 

from one of the four quadrants and the sequence of the quadrants was randomized for 

each day, whereas the position of the platform for each trial and each day was kept 

constant. Many mice in this task showed no inclination towards learning, when placed 

in the water these mice would either float (floaters) or swim around the periphery of the 

pool (thigmotaxis). The mice, which did not find the platform for more than 33% of the 

times for all the trials that were administered in the study, were excluded from the final 

analysis. Using this criterion, 7 out of 12 AD Tg animals and 18 out of20 WT animals 

were included for the final analysis in the study. Results (Figure 8) showed that AD Tg 

mice showed significant increase in the swim latency as compared to the WT mice (F 1, 

230=6.23, P< 0.013). Most of the significant differences were observed on day 3 (t=3.66, 

P<0.001); day 4 (t=3.69, P<0.001); and day 5 (t=2.53, P=0.013). On day 2 (t=l.89, 

P=0.059) and day 6 (t=l .89, P<0.059) a near significant improvement in performance on 

WT over AD Tg mice was noted (Figure 8) .. The swim speeds were not significantly 

different between the AD Tg vs .. WT mice suggesting that the differences in the swim 
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latency were pot due to differences in the .. swim speeds. On the 12th day, the mice were 

.. 
tested for the ability to remember the position of the platform by conducting a probe 

trial. WT mice had higher number of hits a~ compared to the AD Tg mice even though 

the effect was not statistically significant (P = 0.110) (Figure 8). 

To avoid any potential effects that mouse floatation or thigmotaxis behavior might have 

exerted on data interpretation in the standard water maze, an alternate working memory. 

task was used. AD Tg and WT mice were trained in the radial arm water maze task for 7 

days (10-12 months of age). The results of the 7 consecutive days of testing are 

presented in Figure 9. The data are expressed as the number of errors (incorrect arm 

entries) prior to locating the hidden platform. AD Tg mice exhibited a significantly 

greater number of errors as compared to their wild-type littermates (F 1, 404=1 l .58, P= 

0.0007). In fact, AD Tg mice did not appear to gain the proficiency of the controls 

throughout the study as mean error values were always decreased with respect to the 

wild-type animals. Task impairment was evident in AD Tg mice that expressed nearly 

maximal levels of cerebral amyloid (Figure 6) as all subjects were between 10-15 

months-old. For these experiments and for those described below that use either the wild 

type or Tg-AD mice, there were no significant interactions between any variable and the 

sex of the animal in the ANOV A (P>0.30 in each instance). 

· JWBJ-84-1 in AD Tg mice.; AD Tg (9-.11 month~ of age) mice were trained for two 

weeks prior to iWB 1-84-1 administratim1 to achieve a· stable level of task accuracy. The 

training to stability permitted each subject to receive both the vehicle ( control) 
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administration, and each dose of JWB 1-84-1. Drug doses and vehicle were administered 

s.c. prior to daily sessions in the following order: vehicle, 10 µg/kg, vehicle, vehicle, 2 

µg/k:g, vehicle, vehicle,. 20 µg/k:g, vehicle, vehicle, 50 µg/k:g. The effect of each dose of 

JWB 1-84-1 administered 10 min prior to the first of 5 trials of the task is compared with 

task errors accrued during vehicle treatment for the study in Figure 10. Drug treatment 

resulted in a dose-dependent, statistically significant reduction in task errors (F 4, 

610=2.79, P=0.026). This response of JWBl-84-1 was most effective during trial 2. The 

dose-response data for trials 2 and 3 are presented in Figure 10. The most effective 

doses of JWBl-84-1 were 10 µg/kg (t=l.91, P=0.055) and 20 µg/k:g (t=2.35, P=0.018), 

particularly during trial 2. The 2 µg/kg dose of JWB 1-84-1 significantly decreased 

errors r~lative to vehicle (t=2.33, P=0.020); h~wever, the ~ffect was not trial-dependent. 
. . 

Studies in aged monkeys: 

The standard DMTS task: Subject information for the cohort is presented· in Table 1. 

Mean task accuracies achieved during vehicle treatment sessions conformed to the 

specifications indicated in the Methods section: zero delay = 94.1, short delay = 78.0, 

medium delay= 65.4 and long delay= 62.3 % trials correct. Three vehicle sessions 

were run at the start, at about the middle,· and at the end of the study. JWB 1-84-1 was 

administered no more than twice per week ( usually on Tuesday and Thursday) in the 

following order: 5, 10, 20, 50, 100, and 150 µg/k:g. The ascending series is used 

typically in monkeys to avoid potential untoward effects of a novel compound that could 

be associated with the higher dose range. Administration (i.m.) of JWBl-84-1 10 min 

before the start of testing resulted in a significant dos.e-dependent increase in task 
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accuracies (F6, 3s2=2.32, P=0.032). Examination of the data presented in Figures 1 lA 

and 11 B suggests a shift to the right in the proximal component of the retention curve 

(short arid medium delays). The dose relationship for medium and long delay intervals 

are shown in Figures 11 C arid 11D, respectively. During medium delay trials the 

significant improvement in task accuracy was achieved after the animals received the 

100 µg/kg (t=3.4, P=0.0007) and the 150 µg/kg doses (t=2.06, P=0.039), though there 

also was nearly significant improvement. _in accuracies noted after the 20 µg/kg dose 

(t=l .9, P=0.O64). During long delay trials the maximum improvement was achieved 

after the animals received the 10 µg/kg dose (t=3.4, P=0.0007). There also was a nearly 

significant improveme11t in accuracies during short delay trials noted after the 100 µg/kg 

dose (t=l.8, P=0.081). No dose of JWBl-84-1 significantly affected median sample or 

choice latencies relative to vehicle (Table 2). 

In our studies of poten,~ial cognition-enhancing drugs, we have encountered the ability of 

certain of these comp~unds to induce a protracted degree of task improvement extending 

to one or more days after administration (Buccafusco et al., 2~05b ). Therefore data from 

the sessions run 24 hr after JWB 1-84-1 administration were analyzed and they are 

presented in Figure 12. Between the previous day's testing session and the following 

day's session no drug or vehicle was administered. JWBl-84-1 treatment resulted in a 

significant dose-dependent incre~se in task accuracies (F6, 382=2.69, P=0.014). As with 

the previous day's data, during 24 hr sessions, JWB 1-84-1 appeared to shift the retention 

curve to the right(Figs. 12A and 12B). The dose relationship for medium and long 

delay intervals are shown in Figures 12C and 12D. In contrast to the previous days 
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responses, tas~ improvement was restricted only to the 100 µg/kg dose (t=2.36, 

P=0.019), though there also was a nearly significant improvement in task accuracy 

associated with the 5 µg/kg dose during medium delay trials (t=1. 72, P=0.085). All task 

accuracies· were at baseline (vehicle me~ns) by 72· hr aft.er drug administration (data not 

shown). 

The distracter-DMTS task: Subject information for the cohort used in this series is 

presented in Table 1. A separate younger cohort of animals had to be. used in this study 

as aged animals are particularly sensitive to the distracter such that distracter-induced 

reductions in task accuracy are difficult to reverse using standard treatments (Prendergast 

et al., 1998). The distracter-DMTS task can be administered without re-training before 

or after sessions of the standarq DMTS task. To prevent tolerance to the distracter, 

distracter sessions are administered no more frequently than three times every two 

weeks. 

Mean task accuracies achieved during the standard DMTS sessions run during this series 

were: zero delay= 96.4, short delay= 88.4, medium delay== 74.9, and long delay= 69.7 

% trials ~orrect. During distracter-DMTS sessions data for distracter trials and non

distracter trials are presented separately. The presence of the distracter produced a 

significant decrease in task accuracy relative to standard DMTS sessions (Fig. 13A). In 

fact, accuracy during short delay distracter trials was decreased to chance levels of 

performance. Administration of JWB 1-84-1 produced a significant reversal of distracter

induced task accuracies (F7, 237=9.0, P<0.0001). The most effective dose in this regard 
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was 50 µg/kg. These data are plotted as function of delay interval are compared with 

vehicle-distracter accuracies and with those obtained during standard DMTS sessions run 

during the series. Significant task-improvement relative to vehicle-distracter means were 

· obtained during both short (t=2.6, P=0.011) and medium (t=2.23, P=0.027) delay trials 

for the 50 µg/kg dose. Dose-response relationships during short,- medium, and long delay 

trials are shown in Figures 13B, BC, and 13D, respectively. In addition to the 

improvement obtained with the 50 µg/kg dos.e, there also were significant improvements 

after the 5 µg/kg (t=2.49, P=0.014), 10 µg/kg (t=2.0, P=0.047), and 100 µg/kg (t=2.57, 

P=0.011) doses of JWBl-84-1 during short delay trials. There was a nearly significant 

improvement obtained after the 5 µg/kg dose during long delay trials (t=l .90, P=0.059). 

The data for-non-distracter trials obtained during distracter-DMTS sessions are presented 

in Figure 14. In Figure 14A and 14B data are plotted as a function of delay interval. 

Mean accuracies are compared among standard DMTS sessions (as in Fig. 13A), vehicle 

non-distracter trials, and with non-distracter trials run after animals received doses of 

JWB 1-84-1. Non-distracter trials were performed at a significantly reduced accuracy 

than those comprising .standard DMTS sessions (F7, 319=5.l, P<0.0001)-a carryover 

effect often observed during distracter sessions. JWB 1-84-1 treatment (100 µg/kg) 

resulted in a significant increase in non-distracter task accuracy relative to vehicle 

(t=2.06, P=0.04). The effect was largely restricted to the 10 µg/kg dose during medium 

delay trials (t=2. 70, P=0.007). There also was a significant improvement in task 

accuracies attributed to the (100 µg/kg) dose (t=2.06, P=0.04). However, the effect was 

not delay dependent, although the response during medium delay tdals was nearly 



significant (t=l.65, P=0.10). As with the standard DMTS task, no dose of JWBl-84-1 

significantly affected median sample or choice latencies relative to vehicle (Table 2). 

A summary of significant cognitive effects produced by JWB 1-84-1 in mice and 

monkeys is shown in Table 3. 

Binding of JWBl-84-1 at various nAChRs: 
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Since JWB 1-84-1 was not evaluated in the original binding screen in PC-12 cells the 

compound was studied for potential binding to nAChRs on rat brain synaptosomes. The

results for the binding to a7 nAChRs are shown in Figure 15. Various doses of nicotine 

•and JWBl-84-1 were competed against 10 nM [125I]-aBGT. Nicotine was used as the 

comparator. Nicotine completely displaced [125I]-aBGT binding (IC50 = 28.7 µM). In 

contrast, JWB 1-84-1 failed to displace [125I]-aBGT from synaptosomal membranes. 

Next, JWB 184-1 and nicotine were competed against [3H}-epibatidine for a4f32 (Ki 

0.058 nM) and a3f34 (Ki 0.51 nM) receptors. [3H]-epibatidine (lOnM). was used to 

address both the receptor subtypes. The results for the [3H]-epibatidin~ displacement 

assay are shown in Figure 16. Nico~ine was used as a comparator. ·Nicotine completely 

displaced BGT (IC50 = 0.~8 µM). In contrast, Jw;B.1-84-:-1 failed to displace [3H]

epibatidine from synaptosomal membranes. 

Screening of JWBl-84-1 against potential drug targets: 

JWBl-84-1 (10 µM) was evaluated by the NIMH Psychoactive Drug Screening Program 

(PDSP) located at the University of North Carolina Chapel Hill, NC. The results of the 
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screening are shown in Table 4. The data refer to the mean % inhibition (N = 4 

determinations) receptor binding assays. Significant target interaction was considered for 

displacements> 50%. Inhibition(-) represents stimulation of binding. Occasionally, 

compounds at high concentrations will non-specifically increase binding. PDSP claims 

that they have a low threshold for "hits" at primary assays. PDSP perform a large 

number of secondary assays using a relatively low threshold in order not to miss potential 

high-affinity compounds. The likelihood of an actual, high-affinity, "hit" is still very 

low. Thus, results from primary assays should not be over-interpreted. The results of the 

evaluation indicate that JWBI-84-1 (at 10 µM) could potentially act at DI and 5HT-IA 

receptors. No interaction at any of the muscarinic receptor targets was found suggesting 

that JWBI-84-1 does not act as a cholinergic agent. 

Follow up studies for the 5HT-IA and DI receptors were conducted. These experiments 

were designed to assess the agonist or antagonist properties of the JWB 1-84-1 against 

these receptors. Figures 17 and 18 show the effect of JWB 1-84-1 on CHO cells stably 

transfected with 5HT-IA receptors. Figu.re 17 _shows the data from the agonist study. 

5HT-IA receptors are linked to Gi/o subtype of GPCRs. Stimulation of 5HT-IA 

receptors is expected to inhibit the ~ctivity of adeny ly 1 cyclase resulting in a decrease in 

·. cAMP levels_ as m~asured by using an ELISA-based assay. 8~OH-_DPAT (5HT-IA 

agonist) produced a decrease in cAMP levels at concentrations greater than lnM (F6, 41 = 

12.72, P < 0.001), whereas JWBI-84~1 failed to decrease cAMP levels indicating that 

the analog does not act as an agonist at 5HT-IA receptors (F6,41 = 1.781, P <0.132). 

Figure 18 shows the results of antagonist screening at 5HT-IA receptors. WA Y-100635 



(5HT-1A antagonist) and 100 mM-lnM concentration of JWBl-84-1 were competed 

with 10 nM 8-OH DPAT. Starting at lnM, WAY-100635 blocked the effect of 10 nM 

8OH-DPAT (Fs, 17 = 47.226,-P < 0.001); whereas no inhibitory effect was obtained at 

various concentrations of JWB1-84-l(F6,20 = 0.679, P = 0.670), suggesting the JWBl-

84-1 does not act as an antagonist at SHT-lA receptors. 
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Similarly, follow up studies on the HEK 293 cells stablrexpressing the Dl receptors 

were conducted (Fig.· 19). · The potential of JWB 1-84-1 to act as· an agonist and an 

antagonist of D 1 receptors was evaluated and results are shown in Figure 19. Dopamine 

(1 µM) was used as a comparator. Dl receptors are Gs-linked GPCR. Their stimulation 

would be expected to increase in cAMP levels. Dopamine (1 µM) produced an increase· 

in cAMP levels (t=96.403, P< 0.001), whereas no effect was obtained with lmM JWBl-

84-1 (t=0.167, P= 0.873). When JWBl-84-1 was competed against dopamine for Dl 

receptors, no inhibitory effect ofJWBl-84-1 was noticed (F3, 11 = 2.482, P =0.135). 

These studied concluded that JWB 1-84-1 does not act as an agonist or antagonist at D 1 

receptors. 

Effect of JWBl-84-1 on intracellular Ca +2
: 

JWB 1-84-1 was assessed for its effects on intracellular Ca +2 in primary neurons. 

Initially, primary hippocampal neurons were tested. JWBl-84-1 (100 µM) failed to 

evoke any change in baseline Ca +2 levels (Fig. 20A, and Fig. 20 E). Increasing the · 

concentration of JWB 1-84-1 to 1 mM, however, resulted in an increase in intracellular 

Ca +2 (Fig. 20B and Fig. 20 E) .. In order to determine whether the increase in intracellular 
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Ca +2 was due to activation of nAChRs, neurons were pretreated 10 min e~rlier with 10 

µM MLA (Fig. 20 C and Fig.20 E), or with 100 µM mecamylamine (Fig. 20 C and 

Fig.20 E). Both antagonists were ineffective in blocking the effects of 1 mM JWB 1-84-

1 on intracellular Ca+2
, excluding the role of nAChRs in this process [MLA ((t= 0.249, 

P=_ 0.816), mecamylamine (t= 1.11, P= 0.347)]. 

Next, JWBl-84-1 was administered.to cortical neurons to determine its effect on 

intracellular Ca+2
• 100 µM, 250 µM, 500 µMand 1 mM concentrations of JWBl-84-1 

were compared to JO mM KCl. JWB 1-84-1 increased int~acellular Ca +2 in a dose

dependent manner (Fig. 21 ). The responses to JWB 1-84-1 were normalized to the 

maximal KCl response and 'the results are plotted in the right panels o'r Figure 21. The 

1 mM concentration of JWB 1-84-1 was used in the following experiments because it 

induced the most reproducible effect on intracellular Ca +2
• 

To determine the origin of the JWB 1-84-1-mediated increase in intracellular Ca +2
, the 

next series of experiments were conducted in Ca +2 -free buffer. The results presented in 

Figure 22 show that application of lmM JWB 1-84-1 produced an increase in 

intracellular Ca +2 in primary cortical neurons. As expected, 30 mM KCl failed to evoke 

any change in the intracellular Ca +2 which served as a negative control in this 

experiment. 

To investigate the possible involvement of class-I mGluR receptors (metabotrophic 

, glutamate receptors subfamily-I) that consist of subtyp~s: mGluRl and mGluR5, the 
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next series of experiments were c~nducted using mGluR specific ligands. Class-I 

mGluRs are Gq coupled GPCRs and their stimulation is expected to induce an increase 

in intracellular Ca +2 via release of PLC and IP3. Results from these experiments are 

shown in Figures 23 and 24. The JWB 1-,84-1-mediated increase in intracellular Ca +2 

was not blocked by 100 µM LY385367 (mGluRl antagonist) (IC50 =10 µM) and lµM 

MPEP (mGluR5 antagonist) (IC50 = 0.0032 µM). This series of experiments were 

performed in Ca +2 free buffer to exclude potential interference from other sources. 

Carbachol (10 µM) was used as a positive control. Figures 23B and 24B show area 

under the curve plots for JWB 1-84-1 and carbachol. 

Results from the Ca +2 free buffer experiments raised two possibilities for the JWB 1-84-

1-mediated Ca +2 increase in the neurons .. 1) JWB 1-84-1 acts directly on the intracellular 

site and increases cytosolic Ca +2 or 2) JWB 1-84-1 stimulates Gq coupled GPCR and via 

PLC and IP3 caused the increase in intracellular Ca +2
• To evaluate these possibilities, 

the effect of JWBl-84-1 on intracellular Ca+2 was evaluated in the presence ofU-731722 

(PLC antagonist). Experiments performed (in Ca+2 free buffer) in the presence of 10 µM 

U-731722 indicated that the JWB 1-84-i ~ediated increase in intracellular Ca +2 was not 

blocked by U-731722 (Fig. 25) suggesting that JWBl-84-1 increased intracellular Ca+2 

by acting directly on an intracellular sit~.· 

The data pertaining to 1 mM JWBl-84-1 from ali the Ca+2 imaging experiments in 

cortical neurons was analyzed as area under the curve plots (Fig. 26). The results show 



that the treatment of cortical neurons with different blockers did not inhibit the JWB 1-

84-1 mediated increase in intracellular Ca+2 (F4, 18 =0.193, P=0.936) 

Effect of JWBl-84-1 on neuronal survival: 

Neurons were preincubated for 24 hrs with different concentrations of JWB 1-84-1. 

Thereafter, incubation with ~00 µM of glutamate for 20 minutes was used as a toxic 

challenge; and the cytotoxicity was measured. JWB 1-84-1 (1 mM) treatment did not 

produce any toxic effects on the neurons (Fig. 27). The glutamate challenge produced 

about a 35% reduction in cell viability (t = 13.95, P < 0.001) and JWBl-84-1 was 

ineffective in rescuing the neurons from glutamate toxicity in this model. 
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IV. DISCUSSION 

Choline acts as a full but low poten~y agonist of a.7riAChRs (Alkondon et al., 1997; 

Papke, 1993): It h~s been reported that sti~ulation of a.7nAChRs can provide 

neurop.cotection in vitro (Marin et al., 1994; Zamani et al., 1997) and cognitive 

enhancement in vivo (Buccafusco and ~ackson, 1991; Elrod et al., 1988; Levin, 2002). 

Structurally, choline is a quaternary amine with a positively ch~rged nitrogen atom, 

which makes choline unlikely to pass .through the blood brain barrier. We synthesized 

various tertiary amine analogs of choline with an idea that it would facilitate these 

molecules to pass across the blood brain barrier. Results of cytoprotection studies on the 

differentiated PC-12 cells revealed that several analogs of choline were more potent or 

equipotent and equi-efficacious as compareci to nicotine. Based on these results, the 

original hypothesis developed stated that these analogs would act similar to other 

cholinergic agents such as ACh or nicotine. Several analogs of choline, particularly the 

N-ethyl substituted molecules, have been shown to be bona fide false neurotransmitters in 

several in vitro or in situ systems'(Barker and Mittag, 1975; Benishin and Carroll, 1981; 

Boksa and Collier, 1980; Burton et al., 1995; Hong et al., 1995; Large and Rang, 1978; 

Naves et al., 1996; Newton and Jenden, 1985; Terry et al., 1993b; Von Schwarzenfeld 

and Whittaker, 1977). With proper modifications, choline analogs may serve at least two 

purposes as potential therapeutic agents fc:>r diseases of impaired cholinergic function 
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such as Alzheimer's disease. First, they could act presynaptically, through the formation 

of more metabolically stable acetylated derivatives, and secondly, postsynaptically, 

through the stimulation ofnicotinic a7 receptors (Jonnala and Buccafusco, 2001). 

Studying the transport of various choline analogs through choline transporters tested 

these potential mechanisms. It was later found that this was not the case with these 

choline analogs. 

a7nAChRs appear to play a role in the cytoprotective effects of nicotine (Carlson et al., 

1998; Dajas-Bailador et al., 2000; Donnelly-Roberts et al., 1996; K~.n~ko et al., 1997; 

Kihara et al., 2001; Laudenbach et al., 2002; Prendergast et al., 2001 a; Prendergast et al., 

2001b; Sh~inoha~a et al., 1998). This encouraged us to.evaluate the choline analogs for 

binding at the a7 nAChRs. Our results suggest that these analogs cause cytoprotection in 

a manner independent of a7nAChRs. 

JWB 1-84-1, a piperazine derivative was synthesized as a tertiary amine analog of 

choline. It was our intention to develop a much more potent and lipid soluble compound 

active at various cholinergic targets. Such a compound could potentially act as a 

neuroprotective agent (Jonnala and Buccafusco, 2001; Li and Buccafusco, 2003; Marin et 

al., 1994; Ren et al., 2005; Zamani et al., 1997) as well as improve cognition (Briggs et 

al., 1997; Meyer et al., 1997). Although, JWBl-84-1 ultimately did not exhibit 

significant binding to nAChRs in screening assays, the drug was a potent cytoprotective 

agent in vitro (Buccafusco, 2004). Despite the ongoing work to determine its target(s), 

we elected to study the drug for potential ~s a cognition-enhancing agent. 
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Transgenic mice bearing relevant mutations for human AD are used routinely for 

investigating the mechanisms leading to enhanced cerebral amyloid deposition and its 

impact on brain p~thology and function. The animals also haye been used from a drug 

development standpoint in studies of active or passive immunization approaches to limit · 

or prevent the accumulation of cerebral amyloid (Chen et al., 2007; Morgan et al., 2000; 

Schenk et al., 2004). These animals have rarely been used in drug development for the 

evaluation of new cognition-enhancing drugs. Some limitations of these mice include the 

need for in-house breeding, along with genotyping, in addition to the large numbers that 

are often required for memory related tasks. This AD Tg strain was shown to exhibit 

maximal levels of cerebral human AJ3. They exhibited impaired performance relative to 

the wild-type control strain in a working memory version of the radial arm water maze. 

Importantly, the AD Tg mice did not exhibit deficits in muscle strength, motor activity, 

coordination, or level of anxiety relative to their wild-type counterparts. 

Many memory-related tasks used for mice are not designed for longitudinal studies in 

which an animal can receive several drug doses. The testing paradigm we used for the 

radial arm water maze task did allow for a longitudinal approach to the testing of JWB 1-

84-1. Indeed, in this study we used a coh,~rt of 11 AD Tg mice. We also chose this task 

because we were able to confirm in initial experiments that the group variability in task 

performance was significantly reduced relative to the standard Morris water maze as had 

been previo_usly reported (Arendash et al., 2001). AD Tg mice are often poor subjects in 

the standard Morris water maze, particularly in older animals, as many elect t_o float or 

"hug" the periphery of the maze. We did not encounter any such behaviors in the radial 
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arm task. · The ability of JWB 1-84-l to reduce task errors in a dose-dependent manner is 

consistent with the drug's positive mnemonic activity. Indeed, after receiving the 

maximally-effective dose of JWB 1-84-1 (20 µg/kg), an average of less than 1 error was 

made during trial 2. To ensure that the efficacy of the compound was not be due to a 

practice effect related to repeat testing, the drug doses were not administered in order, 

and several vehicle runs were also included between doses. 

High levels of AJ3 peptides have been shown to bind to, or depress the expression of 

certain neurotransmitter receptors (Adamczyk et al., 2005; Goto et al., 2006; Jones et al., 

2006; Ting et al., 2007;.Weber et al., 2006). AJ3- neurotransmitter interactions also 

could lead to functional deficits in vivo (Li et al.~ 2005). If these interactions occur in the 

Alzheimer's disease brain, they could impose limitations in terms of therapeutic 

approaches that utilize these receptor targets. Therefore, animal models in which 

-
increased levels of cerebral amyloid are present during drug testing could have important 

clinical translational ramifications. The efficacy of JWB 1-84-1 in AD Tg mice suggests 

that high levels of cerebral amyloid might not compromise the drug target. 

Perhaps the most relevant animal model for assessing the effectiveness of cognition

enhancing drugs is the aged non-human primate. The clinical relevance of unique high 

level executive functioning as well as the ability to perform complex behavioral tasks by 

the_se animals is not controversial. Aged monkeys are generally impaired relative to their 

younger counterparts in tests of working memory and executive function. Many exhibit 

significant deposition of amyloid plaques in relevant brain regions with advances in age 
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·(Gallagher and Rapp, 1997; Sani et al., 2003). These characteristics are attributed to aged 

macaques that have been reported in several of our previous studies (Buccafusco et al., 

2003; Buccafusco et al., 2002; Summers et al., 1997; Terry et al., 1993a). JWBl-84-1 

was shown to improve task accuracies in aged Rhesus monkeys well trained in their 

performance of the ~}andard DMTS task. The drug was effective across a relatively wide 

dose range (10 - 150 µg/kg). In fact, the .potency of the drug was parallel to its actions in 

the AD Tg mouse model (2 -20 µg/kg). Additionally, the degrees of task improvement 

were consistent between the two species (Table 3 ). In aged monkeys, doses of JWB 1-84-

1 in the lowe~ range ( 10 - 20 µg/kg) tended to im,pro:ve accuracy during long delay trials, 

whereas higher doses (100-150 µg/kg) tended to improve short and medium delay trials. 

These results slightly differ from the effects of drugs with well-defined single targets 

(Terry-et aL, 2002). It is possible that JWB 1-84-1 has more than· one target impacting 

memory processes, with the higher doses more relevant to attentional components. 

Alternatively, aged monkeys are· more susceptible to distraction and less sensitive to 

attention-enhancing drugs (Prendergast et al., 1998), and higher drug doses might be 

necessary to improve attentional components of the DMTS task. JWB 1-84-1 was in fact, 

able to significantly reverse di.stracter-induced reductions in task accuracy in younger 

monkeys. Doses of the compound effective in this regard were noted to encompass the 

entire dose range particularly during short delay trials. Methylphenidate, a drug used in 

the treatment of attention deficit disorders, also selectively reversed short delay trials in 

the same model (Prendergast et al., 1998). JWB 1-84-1 also improved non-distracter trial 

accuracies, though no specific pattern was evident. But the task improvement noted 

during non-distracter trials in younger pigtail macaques confirmed the results in aged 
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Rhesus performing the standard DMTS task indicating t}:iat the effects of JWB 1-84-1 in 

improving task accuracies was not species nor age specific (Table 3). 

One additional aspect of the pharmacology of JWB 1-84-1 we targeted was the protracted 

improvement in task accuracies. Aged monkeys performing the standard DMTS task 

continued to show improved accuracies relative to the original vehicle baseline during 

sessions run the day after dosing. Even the biphasic profile of task improvement noted 

during the initial sessions appeared to be maintained during the sessions run 24 hrs after 

receiving the drug. Since we have no pharmacokinetic or distribution data for JWB 1-84-

1, it is not possible to determine whether this protracted task improvement was related to 

a long plasma half-life, a depot source for the drug, or to a pharmacodynamic action not 

requiring the presence of the drug in plasm& or brain. The latter effect has been reported 

for drugs from various chemical classes; drugs acting on nAChRs often produce this 

prolonged cognitive-enhancing response (Buccafusco et al., 2005b ). 

There were no noted adverse affects during our studies or while administering JWB 1-84-

1 to AD Tg mice and to our non-hunian primate subjects. There were no significant 

changes in body weight, or in feeding or drinking habits. The lack of untoward effects 

produced by JWB 1-84-1 in the non-human primate subjects was confirmed by the lack 

of effect of the drug on median sample or choice DMTS task latencies. Increases or 

decreases in task latencies are generally reflective of drugs that produce stimulant or 

sedative effects in the animals. Thus, the data obtained from both mouse and non-human 

primate subjects indicates that JWB 1-84-1 improves the attention and working memory, 



· and as such the drug has the potenti.al to produce enhan~ed attention and cognition in 

humans ·and perhaps ,in individuals with·;Alzheime,r's disease and attention deficit 
' . 

disorders. The drug should also.prove useful for improving memory in non-disease 
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situations such as mild cognitive impairment. If the drug continues to exhibit important 

cyto- or neuroprotective actions, treatment with JWB 1-84-1 could provide a much need 

bimodal approach to therapy - cognition enhancement and disease modification. 

As with the other choline analogs examined in the original binding assays in PC-12 cells, 

it was considered that the mechanism of the cognitive enhancing and cytoprotective 

properties of JWB 1-184-1.involved activation ofnAChRs. Both the a7 and a4J32 

subtypes have been reported to be involved in these processes (Levin et al., 2006). 

Binding studies using [ 1251]-aBGT and [3H]-epibatidine ruled out the direct involvement 

of a7, a4J32, and a3J34 types ofnicotinic receptor. These findings were further 

supported by the results of the study performed with the hippocampal neurons. In these . 

experiment~ the JWB 1-84-1-mediated increase in the intracellular Ca +2 was not blocked 

by high concentrations of MLA or mecamylamine. Further evaluation of JWB 1-84-1 in 

NIMH Psychoactive Drug Screening Program ruled out the direct involvement of 

various other important targets such as muscuranic, NMDA, and adrenergic receptors 

(Table 4). The displacement of ligands specific for D1 and 5HT-1A in the initial screen 

did not comply with the results of the functional studies performed subsequently. 

Functional studies were performed using cellular systems expressing the cloned 

receptors. These studies, in &ddition to the results froni the screening data, further ruled 



76 

out the direct involvement of serotonergic, and dopaminergic receptors - another group 

of important receptors involved in cognitive and neuroprotective processes. 

Ca +2 ion flux constitutes one of the most universal second messenger systems, 

controlling virtually a wide variety .of intracellular processes. The gradual and subtle 

changes in neuronal Ca +2 levels can be critically important for neuronal functional 

activity and for synaptic transmission and plasticity. Application of JWB 1-84-1 to 

hippocampal and cortical neurons evoked an increase in intracellular Ca +2
• Nicotine also 

induces similar membrane fluxes in Ca+2 ions (Li and Buccafusco, 2003) at doses similar 

to JWB 1-84-1. The effects of JWB 1-84-1, however, differed from those of nicotine. 

JWB 1-84-1 produced an increase in cytosolic Ca +2 under Ca +2-free conditions, 

implicating the role of some intracellular Ca +2 store. In contrast, the source of Ca +2 in 

the nicotine mediated response is extracellular (McGehee et al., 1995; Role and Berg, 

1996). Furthermore, the Ca +2 effect produced by JWB 1-84-1 was not blocked by MLA 

or mecamylamine confirming that the effect was not mediated by nAChRs. KCl was 

used as a control in the studies; KCl increases intracellular Ca +2 in primary neuron.s by 

signaling through L-type Ca +2 channels. The inability of KCl to generat~ a response in 

the Ca +2 -free medium supported the validity of the positive results with JWB 1-84-1 in 

the buffer. The results of the JWBl-84-1-~ediated response in Ca+2 free conditions 

ruled out the involvement of any cellular process that would open cell surface Ca +2 

channels, receptors· or transporters. One remaining possibility was that the drug could 

activate Gq coupled GPCRs. Such an action would induce the release of PLC, which in 

tum causes the release ofIP3 and DAG. IP3 acts on the IP3 receptors located on the ER 

thereby promoting an increase in cytosolic Ca+2
• Another possibility was that JWBl-84-
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1 could act directly on an intracellular site linked to the intracellular ,ca +2 stores. Some 

of the main Gq coupled GPCRs in the brain include Ml and M3 subtypes of muscuranic 

receptors, al adrenergic receptors, Hl receptors and Class I (mGluR 1 and 5) 

metabotrophic glutamat~ receptors. The intial screening studies ruled out the 

involvement of each of these except for Class I mGluRs (see Table 4). In the subsequent 

experiments, however, the JWB 1-84-1 response was not blocked iri the presence of 

specific blocker~ of class-I mGluRs, suggesting that these receptors do_. not mediate the 

JWB 1-84-1-induced increa~e in intracellular Ca +2
• By conducting these experiments in 

Ca +2 free buffer, interference from the other sources for the Ca +2 mediated responses 

were ruled out. Studies performed in the presence of a PLC inhibitor.(U-73122) ruled 
• • ,, 1 • 

out the involvement of Gq receptors as an increase in cytosolic Ca +2 was detected after 

the application of JWB 1-84-1 to the cells .. This finding indicated that JWB 1-84-1 might 

act directly on intracellular stores to increase .intracellular Ca +2
• These results further 

indicate that JWB 1-84-1 readily crossed the plasma membrane to exert its effects on 

intracellular Ca+2
• The Ca+2 spikes induced by JWBl-84-1 were transient (30-50 sec 

duration). Thus, after the JWB 1-84-1 evoked a Ca +2 increase, natural counter adaptive 

mechanisms operated to return the cytosolic Ca +2 levels to baseline. Moreover, 

incubation of JWB 1-84-1 (1 mM) with cortical cells in culture for 24 hours did not 

decrease their viability, suggesting that the compound does not exert toxic effects on the 

cells under theses conditions. In support of the lack of toxicity in vitro, JWBI-84-1 

failed to induce any obvious sign or symptom of toxicity or any apparent side effect at 

any dose in the studies described above in experimental animals. Like nicotine, JWB 1-

84-1 produces a small and transient increase in intracellular Ca +2
• It has been proposed 
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that, small but protracted elevations in intracellular Ca+2
, mediated through nAChRs, is 

responsible for producing time-dependen~ actions of nicotine such as cytoprotection 

(Dajas-Bailador et al., 2000). The finding that neuroprotection requires Ca+2 influx 

appears to be at odds with the known Ca +2 -mediated excitotoxicity induced by glutamate 

agonists such as NMDA. Th~ugh both receptors admit Ca+2 ions, the increase in 

intracellular Ca +2 induced by NMDA is much greater in magnitude than induced by 

nicotine. Also, the intracellular accumulation of Ca +2 prod~ced by longer exposure 

times to NMDA was not ~eproduced by nicotine (Dajas-Bailador et al., 2000). Thus, 

nicotine may activate mechanisms that buffer increases in intracellular Ca +2 more 

efficiently than NMDA. Alternatively, nicotine may activate anti-apoptotic pathways, 

e.g., involving Janus kinase 2 (Shaw et al., 2002); as nicotine has been shown to increase 

growth factor signaling either by increasing the growth factor levels (Picciotto and Zoli, 

2002) or by increasing the expression of growth factor receptors (Jonnala et al., 2002; 

Terry and Clarke, 1994). JWBl-84-1 mediated increase in cytosolic Ca+2 was not 

protective in the glutamate model of cytotoxicity. Nicotine, however, has been shown to 

be neuroprotective in similar models (Akaike et al., 1994; Donnelly'.'Roberts etal., 1996; 

Kaneko et al., 1997;_Kihara et al., 2001; Laudenbach et aL, 2002; Shimohama et al., 

1998). Thus, JWB1-84~l causes nicotirie like increase in intracellular Ca+2
, however its 

mechanism for such effect differs from that of nicotine. 

The challenge now lies in t~rgeting a specific mechanism for the JWB 1-84-1-mediated 

effects that include the ·compo~nd's cyt~protective (in vitro) and cognitive enhancing (in 

vivo) profiles. The potential mechanisms through which JWB 1-84-1 might be acting are 
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shown in Figure 28. It still might be possible that JWB 1-84-1 acts on allosteric sites at 

certain receptors. To investigate this possibility, various receptor targets will need to be 

evaluated for aJlosteric binding of the compound. It is also· possible that JWB 1-84-1 acts 

on an accessory protein,_and in return indirecdy alters the function-of a receptor or 

channel. An example such an interaction is th_e drug Pregabalin which is presently being 

developed by Pfizer Inc. Pregabalin is structurally related to the antiepileptic drug 

gabapentin and it acts at the alpha2--delt~ (~2---()) protein, an auxiliary subunit ofvoltage

gated Ca +2 channels (Taylor et al., 2007). Radiolabelling JWB 1-84-1 and studying its 

binding characteristics is one possible direction for further investigating the mechanisms 

of its effects. In regards to the effects of JWB 1-84-1 in the cognitive studies, at low 

doses, JWB 1-84-1 might possibly act via multiple receptors and that small amounts of 

the drug are sufficient to produce the effects. The JWB 1-84-1-mediated increase in 

intracellular Ca +2 was produced at a very high concentration and thus might not be 

responsible for its cognitive enhancing effects on AD Tg mice and non human primates. 

Alternatively these two effects could be _linked, as this seems to be the case with nicotine 

and choline. It had been previously reported (Li and Buccafusco, 2003) that the nicotine 

mediated effects on the cytoprotection in differentiated PC-12 cells occurred at much 

lower concentrations as compared to its effects on the changes in the Ca +2 in the neurons. 

Similarly the effects of cerebroventricular injection of choline on blood pressure were 

produced at the much lower concentrations than its binding at a7 nAChRs. Likewise, 

there was more than a ten fold difference in potency between choline and nicotine in 

their ability to increase intracellular Ca +2 in cultured porcine superior cervical ganglion 

cells (Si and Lee, 2002). We had noted similar mismatches between binding affinity and 
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pharmacological response earlier in studying nicotine and choline as cytoprotective 

agents in vitro (Jonnala et al., 2003). It is not likely that the differences in drug 

effectiveness could be attributed to differences in drug distribution or elimination. The 

JWB 1-84-1-mediated increase in intracellular Ca +2 might induce the release of certain 

neurotransmitters such as ACh, dopamine, etc. Synaptosomal release studies with 

JWB 1-84-1 might be beneficial in exploring this possibility. JWB 1-84-1 might also be 

acting on and inhibiting the enzyme acetylcholinesterase (AChE). Drugs acting with 

similar mechanisms such as donepzil, rivastigmine, etc. are currently being used for the 

treatment of AD. Studies using purified AChE along with JWBl-84-1 might help to rule 

out this potential mechanism although no signs of cholinergic over-Stimulation were 

noted in any of the animal experiments with the compound. The cytoprotective effect of 

JWBl-84-1 on differentiated PC-12 cells .. may be mediated by a mechanism apart from 

that involved in enhancing cognition in the animal studies since the concentrations of 

JWB 1-84-1 used for these studies were much higher tha~ those which would be 

predicted for brain levels·after i.m. and s.c. injections (pM·- nM range in in vivo studies 

to µM range in cytoprotection studies) 

It is possible th~t cytoprotection produced by JWB 1-84~ 1 was mediated by its effect on 

the cytosolic Ca +2
; as a modest inc~e~se ·in cytosolic Ca +2 has been. shown to produce 

_cytoprotective effects (Dajas-Bailador etal,., 20()0). This action of JWBl-84-1 might 

contribute towards a disease modifying effect in various neurodegenerative conditions. 

Studies can be designed in which the application of JWBl-84-1 on differentiated PC-12 

cells and its effect on MAP kinase, ERK, Ca+2 binding~proteins, apoptotic/anti-apoptotic 
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pathways, and trophic factor along with trophic .factor receptors can be studied ~s all 

these pathways hav~ been linked to the neuroprotection: and cell survival pathways. ' 

Althoug,h in this· study we were not able to determine the mechanisms of JWB 1-84-1 

mediated cytoprotective and cognitive enhancing effects, there exist many compounds in 

clinical use which are important for treating human:diseases for which little is known 

about their precise mechanisms of action. This is even more prevalent for CNS disorders 

for which many new compounds act on several interacting drug targets. The fact that 

JWB 1-84-1 was identified through phenotypic screening does not lessen its potential as a 

therapeutic agent relative to compounds 1synthesized to act on precise molecular targets. 



V.SUMMARY 

1. Several choline analogs were show~ to produce effective cytoprotection in vitro at 

co:q.centrations similar to; or lower than, that to the co~parator drug nicotine. 

2. The choline analogs were not effective as inhibitors ofHAChT as measured in rat 

brain synaptomal preparations, and none were as efficacious as the comparator 

drug choline. 

3. Evaluation of many of the choline analogs in displacement assays for the cell 

surface binding to a7nAChRs res_~lted in none with significant affinity for the 

agonist recognition site. Comparing·the cytoprotection data with the a7nAChR 

binding data revealed no _xe~ationship between cytoprotective effectiveness and 

a7nAChR binding. 

4. A structure-activity relationship based on the cytoprotection data suggested that 

N-OH-pyrrolidines derivative of choline were the most potent, followed by N

hydroxy ethyl substituted phenyls, followed by piperazines, which in tum were 

followed by pyrrollidines derivatives of choline. JWB 1-84-1 (piperazine 

derivative) was selected as the lead compound for further studies in animal 

models of working memory. 
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5. A Tg mouse model of AD was demonstrated to exhibited high levels of human 
: . . ' 

cerebral amy loid beginning at· 10 months ·of _age. The behavioral phenotyping of 

these mice revealed no differences in motor or anxiety levels between AD Tg vs. 

their WT counteparts. 

6. AD Tg mice were significantly impaired in their performance of the water maze 

(spatial reference memory) task as compared with their WT counterparts. AD Tg 

mice made significantly more errors than WT mice in locating a hidden platform 

in the radial arm water maze ( spatial working memory) task confirming the results 

of the standard water maze task. 

7. JWB 1-84-1 significantly improved the accuracy of AD Tg mice in their 

performance of the radial ~rm water maze task. Maximum improvement was . 

obtained during trial 2, after animals were· treated with the 10 or 20 µg/kg doses. 

8. Administration of JWB 1-84-1 to aged macaques significantly improved accuracy 

during DMTS sessions run 10 minuties after dosing. The most effective doses of 

the compound were the 20 µg/kg and 100 µg/kg doses. Increases in DMTS 

accuracy also were present 24 hours after the dosing with JWB 1-84-1. The 

effective doses in this regard were the 5 µg/kg and 100 µg/kg doses. 

9. In the distracter version ofDMTS_ task, young macaques exhibited significantly 

improved accuracy during distractor trials after administration of JWB 1-84-1. 



The greatest reversal of distractor-impaired accuracies was obtained after the 5 

µg/kg, 50 µg/kg, and 100 µg/kg doses. JWBl-84-1 also improved accuracy 

during the non-distractor trials of the distractor version of the DMTS task in 

monkeys. The greatest increases in accuracy were obtained after administration 

of the 100 µg/kg dose. 
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JO. In competition binding assays JWBl-84-1 did not appear to interact with the 

agonist recognition sites of: a7, a4(32, and a3(34 subtypes ofnAChRs. JWBl-84-

1 also did not significantly inhibit synaptosomal HAChT. · 

11. In functional studies that utilized down-stream reporting molecules in response to 

activation of 5HT-1A or D 1 receptors, JWB 1-84-1 demonstrated no significant 

intrinsic activity. 

12. JWBl-84-1 increased intracellular Ca+2 in cultured rat hippocampal neurons. 

This increase in intracellular Ca +2 was not blocked by 10 µM MLA or 100 µM 

mecamylamine suggesting that this increase in intracellular Ca +2 was not 

mediated by activation of nAChRs. 

13. JWBl-84-lalso increased intracellular Ca+2 in cultured rat cortical neurons. This 

increase in intracellular Ca +2 was not inhibited in cells that were incubated in 

Ca+2-free buffer suggesting that the source of the Ca+2 was an intracellular store. 
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The JWB 1-84-1-mediated increase in intracellular-Ca +2 was not due to activation 

of group-1 metabotrophic glutamate receptors, or any Gq coupled GPCR. 

14. JWBl-84-1 induced no protective effect from glutamate-induced cytotoxicity, nor 

did the compound ·itself produce cytotoxicity in cultured rat cortical neurons. 

15. Collectively, the results of these studies indicate that JWBl-84-1 has significant 

potential for further development as a cytoprotective and cognitive enhancing 

agent for use in neuro-degenerative diseases. 



FIGURES 

Figure 1: Summary of the cytoprotective potencies of 3 7 tertiary amine analogs of 

choline and nicotine against the to_xicity induced by withdrawal of the growth factor 

from differentiated PC-12 cells in culture. Inset: The concentration-response 

relationships produced by nicotine and JWBJ-84-1. Each data point is the mean of six 

replicates. Error bars refer to the ± S.E.M 
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Figure 1: Summary of the cytoprotective potencies of 3 7 tertiary amine analogs of 

choline and nicotine. 
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Figure 2: Example of the choline analogs belonging to each structural class is shown. 

The structure-activity relationship of the tertiary amine analogs of choline based on their 

cytoprotective properties (see Fig 1). Each bar indicates the mean cytoprotective EC50 

for the respective compounds relegated to each of the 4 structural groups . . 
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Figure 3: The inhibition __ ~J/3HJ choline transport into ratforebrain synaptosomes by 

ch.oline and 38 choline analogs. A fixed concentration (20 µM) of each compound was 

. used and each assay was run in duplicate. Inset: The·. uptake kinetics for choline in the 

same synaptosomal preparation. 
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Figure 3: The inhibition of [3H] choline transport into rat forebrain synaptosomes by 

choline and 38 choline analogs. 



Figure 4: Comparison of abilities of nicotine and 24 choline analogs to displace [125 I]

a-bungarotoxin ( a.:..BGT) binding to the cell s~rface of differentiated PC-12 cells in 

culture. The numbers in the parentheses indicate the potency and the efficacy of the 

choline analog in the cytoprotection assay (see Fig. 1). Each assay was performed in 

duplicate Inset: The displacement of [125 I]- aBGT binding to the cell surface of 

differentiated PC-12 cells by the selective a7 nicotinic receptor antagonist 

methylylcaconitine (MLA). Error bars refer to the S.E.M In some cases the error bars 

did not ·exceed the diameter of the symbols. 
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Figure 5: The structural comparison of choline and JWBJ-84-1. 
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Figure 6: Levels of cerebral APl-42 derived from whole Alzheimer's disease 

transgenic (AD Tg) mouse brain plotted as a function of subjects' age. 
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Figure 7: Behavioral phenotyping of AD Tg and WT Mice in locomotor activity, and 

anxiety related task_s. 

Comparison between 12 AD Tg mice and 20 aged-matched wild-type (WT) mice (10 - 15 

months old) in their performance in an open-field locomotor activity monitor (center: P 

= 0.582; periphery: P = 0.58), on the accelerating Roto~-rod (P = 0.53), in the light

dark chamber (dark compartment: P = 0.69; light compartment: P = 0.62), or in the 

elevated plus maze (P = 0.125). There also was no between-strain difference in grip 

strength (P = 0. 85). 
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Figure 7: Behavioral phenotyping of AD Tg and WT Mice in locomotor activity, and 
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Figure 8: Comparison of performance of AD Tg and WT mic(! in Morris water maze. 

A. Acquisition of the Morris water maze by AD Tg and wild-type mice during 11 daily 

sessions. B. A probe trial was performed on Day 12. C. Comparison of swim speeds 

between AD Tg and wild type mice. *Significant difference (P < 0. 05) between AD Tg 

mice and Wild type mice; f indicates P < 0.10. Each value represents the mean± S.E.M 

Each value represents the mean ± S.E.M 
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Figure 8: Comparison of performance of AD Tg and WT mice in Morris water maze. 



Figure 9: Comparison of performance of AD Tg and WT mice in radial arm water 

maze. 

Comparison of task proficiencies (accumulated errors) between 7 Alzheimer's disease 

transgenic (AD Tg) mice and 11 aged-matched wild-type (WT) mice in their performance 

of the radial arm water maze task. Mice were administered a series of 5 acquisition 

trials. Each test day, the position of the hidden platform was randomly relocated to a 

different arm. *Significant between-strain difference (P < 0.05); t indicates P < 0.10. 

Each value represents the mean ± S.E.M 
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Figure 9: Comparison of performance of AD Tg and WT mice in radial arm water 

maze. 



Figure 10: The effect of JWBJ-84-1 on the performance of AD Tg mice in radial arm 

water maze. 

A. The effect of drug vehicle (sterile normal saline) and several doses of JWBl-84-1 

administered to 11 AD Tg mice on the number of errors accumulated in their 

performance of the radial arm water maze task. Each subject served as his/her own 

control and each subject received each dose of JWBl-84-1. The paradigm was similar to 

that described in Figure 9A except that drug or vehicle (sterile normal saline) was 

administered prior to the first trial. B. Errors cumulated plotted as function of the dose 

of JWBl-84-1 during Trial 2. C. Errors cumulated plotted as function of the dose of 

JWBl-84-1 during Trial 3. *Significant difference (P < 0.05) between vehicle (0 µglkg) 

mean and JWBl-84-1 mean; t indicates P < 0.10. Each value represents the mean± 

S.E.M 
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Figure 10: The effect of JWBl-84-1 on the performance of AD Tg mice in radial arm 

water maze. 



Figure 11: The effect of JWBl-84-1 on the performance of Rhesus monkeys in 

standard DMTS after 10 min treatment . . 

JWBl-84-1 improved the accuracy of 11 aged Rhesus monkeys in a delayed matching-to

sample (DMJ'S) task. JWB-1-84-1 was administered i.m. 10 min before the initiation of 

the task. A. Task accuracy (vehicle and the lower 3 doses of JWBl-84-1) plotted as a 

function of delay interval. B. Task accuracy (vehicle and the higher 3 doses of JWBl-

84-1) plotted as a function of delay interval. The vehicle curve .from panel A is repeated 

for comparison purposes. C. Task accuracy plotted as function of the dose of JWB1~84-

1 during medium delay trials. D. Task accuracy plotted as function of the dose of JWBl-

84-1 during long delay trials. * Significant difference (P < 0. 05) between vehicle (0 

µglkg) mean and JWBl-84-1 mean; f indicates P < 0.10. Each value represents the 

mean±S.E.M 
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Figure 11: The effect of JWBl-84-1 on the performance of Rhesus monkeys in 

standard DMTS after 10 min treatment. 
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Figure 12: The effect of JWBl-84-1 on the performance of Rhesus monkeys in 

standard DMTS after 24 hr treatment. 

Protracted improvement in DMTS accuracy produced by JWBl-84-1 in 11 aged Rhesus 

monkeys. Dat{! are derived.from DMI'Ssession_s run 24 hr after administration of JWBl-

84-J. (see Fig. 11). A. Task accuracy (vehicle and the lower 3 doses of JWBl-84-1) 

plotted as a function of delay interval. B. Task accuracy (vehicle and the higher 3 doses 

of JWBl-84-1) plotted as a function of delay interval. The vehicle curve.from panel A is 

repeated for comparison purposes. C. Task accuracy plotted as function of the dose of 

JWBl-84-1 during medium delay trials. D. Task accuracy plotted as function of the dose 

of JWBl-84-1 during long delay trials. *Significant difference (P < 0;05) between 

vehicle (0 µg/kg) mean and JWBl-84-1 mean; f indicates P < 0.10. Each value 

represents the mean ± S.E.M 
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Figure 12: The effect of JWBJ-84-1 on the performance of Rhesus monkeys in 

standard DMTS after 24 hr treatment. 
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Figure 13: The effect of JW,Bl-84:..1 on, the performance of Pigtail monkeys in 

• distracter trials of distracter DMTS after 10 min treatment. 

JWBJ-84-1 improved the accuracy of 10 adult Pigtail monkeys in the distracter version 

of the DMTS task. A. The presence of the distractor during vehicle-pretreated sessions 

(Dist Veh) resulted in a significant decrease in task accuracy relative to standard DMTS 

sessions (Std DMTS) run during the series. Administration of JWBJ-84-1 produced a 

significant reversal of distractor-induced task accuracies. These data are plotted as 

function of dose and compared with vehicle-distractor accuracies. Mean task accuracies 

measured during short, medium, and long delay trials are shown in panels B, C, and D, 

respectively. * Significant difference (P < 0. 05) between vehicle (0 µg/kg) mean and 

JWBJ-84-1 mean; t indicates P < 0.10. Each value represents the mean± S.E.M 
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Figure 13: The effect of JWBl-84-1 on the performance of Pigtail monkeys in 

distracter trials of distracter DMTS after 10 min treatment. 
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Figure 14: The effect of .fWBl-84-1 on the performance of Pigtail monkeys in non

distracter trials of distracter DMTS after 10 niin treatment. 

JWBl-84-1 improved the accuracy of 10 adult Pigtail monkeys during non-distractor 

trials in the distractor versi,on of the DMJ'S task. A. Task accuracy (vehicle an_d the 

lower 3 doses of JWBl-84-1) plotted as a function of delay interval. . B. Task accuracy 

(vehicle and the higher 3 doses of JWB 1-84-1) plotted as a function of delay interval. 

The vehicle curve from panel A is repeated for comparison purposes. C. Task accuracy 

plotted as function of the dose of JWBl-84~1 during medium delay trials. D. Task 

accuracy plotted as function of the dose of JWB 1-84-1 during long delay trials. 

*Significant difference (P < 0.05) between vehicle (0 µg/kg) mean and JWBl-84-1 mean. 

The 100 µg/kg dose of JWBl -84-1 also resulted in a significant increase in task accuracy 

relative to vehicle (P=0. 04). The effect was not delay dependent, although the response 

during medium delay trials was nearly significant (t P=0.10). 
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Figure 14: The effect of JWBl-84-1 on the performance of Pigtail monkeys in non

distracter trials of distracter DMTS after 10 min treatment. 
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Figure 15: The relative binding of nicotine or JWBJ-84-1 to rat brain synaptosomal 

membrane a7 nAChRs as inferred.from the displacement of 10 nM [1251]-aBGT. Non

specific binding was determined using 10 mM Nicotine. Each point represents the mean 

of two determinations. 
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Figure 15: The relative binding of nicotine or JWBJ-84-1 to rat brain synaptosomal 

membrane a7 nAChRs · 



Figure 16: The relative binding of nicotine or JWBl-84-1 to rat brain synaptosomal 

membrane non-a7 (hetero-oligomeric) nAChRs as inferredfrom the displacement of 10 

nM [3 H]-epibatidine. Non-specific binding was determined using 300 mM Nicotine. 

Each point represents the mean of 2 determinations. 
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, Figure 17: JWBl-84-1 as a potential agonist for 5HT-1A receptors. 

CHO cells stably transfectedwith 5HT-JA receptors were preincubatedfor JO minutes 

with 200 µM IBMX (phosphodiesterase (PDE) inhibitor). 8-OH DPAT (5HT-JA agonist) 

and JWBJ-84-1 (lnM-100 µM) were compared/or their ability to block theforskolin (JO 

µM)-induced activation of adenyl cyclase. Both groups were compared to cells without 

pretreatment. *Significant difference (P < 0. 05) with respect to control means. DP AT 

(100 µM-10 nM) significantly inhibited the cAMP production (P<0.001). JWBJ-84-1 

had no effect of the cAMP production as compared to the control (P=0.132). Each value 

represents the mean ± S.E.M of three replicates. 
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Figure 17: JWBl-84-1 as a potential agonistfor 5HT-1A receptors. 
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Figure 18: JWBJ-84-1 as a potential antagonist/or 5HT-JA receptors. 

CHO cells stably transfectedwith 5HT-JA receptors were preincubatedfor 10 minutes 

with 200 µM IBMX (PDE inhibitor). Forskolin (JO µM) was used to stimulate adenyl 

cyclase. The 5HT-JA antagonist WAY-100635 (10 pM - 100 nM) and JWBJ-84-1 (1 nM 

- 100 mM) were compared in their ability to antagonize the inhibitory actions of 8-OH 

DPAT (5HT-JA agonist) on theforskolin response. Cells were separately incubated with 

8-OH DPAT (JO nM) in the absence ofWAY-100635 and JWBJ-84-1 to provide a 

baseline for comparison (dotted line). Untreated cells were used as the ("!n-stimulated) 

control. *Significant difference (P < 0.05) between the 8-OH DPAT (10 nM) and drug 

mean. WAY-100635 (100 nM and JO nM) sig,iificantly increased cAMP levels above that 

to 8-OH DPAT (JO nM) (P<0.001). JWBJ-84-1 produced no effect (P=0.670) on cAMP 

production as compared to t~e effect of8-OH DPAT (10 nM). Eac~ ·value represents the 

mean ± S.E.M of three replicates. 
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Figure 19: Potential interaction of JWBl-84-1 with receptors. 

HEK293 cells stably transfectedwith DJ receptor were grown to confluency in 24 well 

plates. Cells were preincubatedwith 100 µM Ro 20-1724 at 37°Cfor 20 minutes. To 

determine potential DJ agonist activity,·] µM dopamine and 1 mM JWBJ-84-1 were 

added directly to their respective wells. To determine potential D 1 antagonist activity~ 

different concentrations of JWBJ-84-lwere added simultaneously with .. 1 µM dopamine. 

Untreated cells were used as the control. ·*Significant difference between the control and 

1 µM dopamine (P = <0.001). JWBJ-84-1 (1 mM) had no effect on cAMP production (P 

. . 

= 0.873). cAMP levels in dopamine (lµM)-treatedcells ~~re not significantly different 

the levels in cells co-treated with dopamine and JWBJ-84-:-1 (P=0.135). Each value 

represents the mean± S.E.M of three repl{cates. 
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Figure 20: The effect of JWBJ-84-1 on Ca +2 influx in hippocampal neurons in culture 

and the role of nAChRs. 

Cells were preloaded with 5 µM Fura-2AM to monitor intracellular Ca +2 levels. A. The 

effect of 100 µM JWBl-84-1 on intracellular Ca+2 levels. B. The effect of 1 mM JWBl-

84-1 on intracellular Ca+2 levels. C. The effect of pretreatment with JO µM MLA on the 

increase in intracellular Ca+2 levels produced by lmM JWBl-81-1. D. The effect of 

pretreatment with 100 µM mecamylamine on the increase in intracellular Ca +2 levels 

produced by_ lmM JWBl-81-1. The arrows indicate the time of introduction of compound 

into the medium. E. Data presented as the area under the curve. The effect of JWBl-84-

1 (1 mM) was not sign,ificantly inhibited by the nicotinic receptor antagonists, MLA (t = 

0.24, P = 0.81), and Mecamylamine (t= 1.11, P = 0.35). (-) indicate treatment without 

antagonist. Error bars refer to the ± S.E.M 
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Figure 20: The effect of JWBJ-84-1 on Ca +2 influx in hippocampal neurons in culture 

and the role ofnAChRs. 



Figure 21: The effect of JWBl-84-1 on Ca+2 influx in cortical neurons in culture. 

Cells were preloaded with 5 mM Fluo4 AM and 5 µM Fura Red AM to monitor 

intracellular Ca+2 levels after administration of JWBl-84-1 to the medium. KC[ (30 mM) 

was used as a positive control. The horizontal lines indicate the presence of the 

respective compounds in the medium. The four panels present the responses to 4 

concentrations of JWBl-84-1: 1000, 500;250, and 100 µM KC! was always 30 mM 

The bar graphs represent the maximal response produced by.JWBl-84-1 on intracellular 

Ca +2 plotted as the .fraction of the maximal KC[ response as indicated in the line plots to 

the right. The horizontal lines indicate the presence of the respective compounds in the 

medium. B indicates incubation with the control buffer. Error bars refer to the± S.E.M 

of three replicates. 
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Figure 21: The effect ofJWBJ-84-1 on Ca +2 influx in cortical n~urons in culture. 



Figure 22: The effect of JWBJ-84-1 on Ca+2 influx in cortical neurons monitored in 

Ca +i free buffer. 

Cells were preloaded with 5 µM Fluo4 AM and 5 µM Fura Red AM to monitor 

intracellular Ca+2 levels after administration of I mM JWBJ-84-1 to the medium. KC! 

(30 mM) was used as a negative control. The horizontal lines indicate the presence of 

the respective compounds in the medium. B indicates incubation with the control buffer. 

Error bars refer to the± S.E.M of.five replicates. 
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Figure 23: The effect of mGluRl receptor antagonist on JWBl-84-1 mediated Ca +l 

release in cortical neurons. 

A. The effect of pre incubation of cortical cells in culture with the mGluRl antagonist 

LY385367 (100 µM) on the JWBl-84-1 (1 mM)-induced increase in intracellular Ca+2 

levels in Ca +2 -free medium. The cells were pretreated with the antagonist for 10 minutes 

before the start of imaging. Carbachol (10 µM) was used as a positive control. B. Data 

re-plotte·d as the area under the curve for ihe Ca+2 responses evoked byJWBl-84;.1 and 

carbachol. The horizontal lines indicate the presence of the respective compounds in the 

medium. B indicates incubation w_ith the contr<?l buffer. Error bars refer to the ± S.E.M 

of four replicates. 
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Figure 23: The effect of mGluRJ receptor antagonist on JWBJ-84-1 mediated Ca +i 

release in cortical neurons. 



Figure 24: The effect ofmGluR5 receptor antagonist on JWBJ-84-1 mediated Ca+2 

release in cortical neurons. 

A. The effect ofprein.cubation of cortical cells in culture with the_·_mGluR5 antagonist 

MPEP (1 µM} on the 'JWBJ-84-1 (1 mM)-induced increase in intracellular Ca +2 levels in 

Ca +2 -free medium. The cells were pretreated with the antagonist for 10 minutes before 

the start of imaging. Carbachol (10 µM) was used as a positive control. B. Data re-

+2' . 
plotted as the area under the curve for.the Ca · responses evoked byJWBJ-84-1 and 

carbachol. The horizontal lines indicate the presence of the respective compounds in the 

medium. B indicates incubation with the control buffer. Error bars refer to the ± S.E.M 

of three replicates. 
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Figure 24: The effect of mGluR5 receptor antagonist on JWBl-84-1 mediated Ca +2 
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Figure 25: The effect of the inhibitor o/Gq coupled receptors on JWBl-84-1 mediated 

Ca +2 release in cortical neurons. 

The effect of pre incubation of cortical cells in culture with an inhibitor of Gq coupled 

GPCRs U-73122 (JO µM) on the JWBJ-84-1 (1 mM)-induced increase in ~ntracellular 

Ca+2 levels in Ca+2-free medium. The cells were pretreated with U-73122for 10 minutes 

before the start of imaging. The horizontal lines indicate the presence of the respective 

compounds in the medium. B indicates incubation with the control buffer. Error bars 

refer to the± S.E.M of four replicates. 
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Figure 25: The effect of the inhibitor of Gq coupled receptors on JWBJ-84-1 mediated 

Ca+ 2 release in cortical neurons. 



Figure 26: JWBJ-84-1-mediated increase in intracellular Ca+2 under-different 

experimental conditions. · 

Data pertaining to 1 mM JWBJ-84-1.fromfigures 21, 22, 23, 24 and 25 are replotted as 

the areas under the curve. The increases in intracellular Ca+2 evoked by 1 mM JWBJ-

84-1 under the different conditions were not sign.i.ficantly different for the various 

treatments (P= 0.936). (-) indicate treatment without antagonist. Error bars refer to the 

±S.E.M 
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Figure 27: The effect of JWBJ-84-1 on glutamate-induced neurotoxicity in rat cortical 

cells in culture. 

In the neuroprotection experiment the cells were untreated (controls) or pretreated for 24 

hours with JWBl-84-1 (1 nM - 1 mM) followed by the application of 300 µM of 

Glutamate for 20 minutes. To determine whether JWBl-84-1 itself exerted neurotoxicity 

a separate set of cells were incubated with the highest concentration (i.e. 1 mM) of JWB 1-

84-1 for 24 hours(* P < 0.05). Each value represents the mean± S.E.M deriv_edfrom six 

replicates. 
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Figure 27: The effect of JWBJ-84-1 on glutamate-induced neurotoxicity in rat cortical 

cells in c·ulture. 



Figure 28: Potential mechanisms of JWBJ-84-1. 

JWBJ-84-1 mediatedcytoprotective and cognitive enhancing effects might be due to its 

action at ( 1) multiple receptor targets; (2) Allosteric sites; (3) Accessory proteins; (4) 

Channels; (5) Enzymes; (6) JWBJ-84-1 mediated increase in intracellular calcium 

leading to (7) Neurotransmitter release . MOA (Mono Amine Oxidase), COMT 

(Catechol-O-methyl trans/erase), AChE (Acetyl Choline Esterase), NT 

(Neurotransmitter) 
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Figure 28: Potential mechanisms of JWBJ-84-1. 



TABLES 

Table I: Demographics of the Non-human primates used in the study. 
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Table I: Demographics of the Non-human primates used in the study. 

Standard DMTS 
Detar Intervals {sec} 

Weight 
ID# Sex Age (yr) (kg) Species Short Medium Long 

23 M 20 9.4 Rhesus 5 30 150 
352 M 25 7.7 Rhesus 3 5 7 
759 M 27 10.9 Rhesus 20 40 60 
81y F 25 12.7 Rhesus 5 7 15 
llB M 18 10.l Rhesus 4 6 8 
DP3 F 25 7.5 Rhesus 2 4 6 
507 F 24 8 Rhesus 10 30 80 
683 F 32 8 Rhesus 20 40 90 
517 F 25 6.6 Rhesus 15 25 40 
667 F 32 10.4 Rhesus 5 7 10 
671 F 32 4.8 Rhesus 10 15 40 

Average 25.9 8.7 9.0 19.0 46.0 
S.E.M. 1.40 0.67 2.00 4.32 13.82 

Distracter 
DMTS 

Delay Intervals (sec} 
Weight 

ID# Sex Age (yr) {k2) Species Short Medium Long 
146 M 21 11.2 Pigtail 15 30 80 
119 F 16 10.1 Pigtail 10 20 40 
797 M 15 15.3 Pigtail 10 25 50 
c8r M 7 10.1 Pigtail 4 6 12 
921 F 12 7.4 Pigtail 10 25 50 
770 F 18 8.2 Pigtail 5 7 10 
p18 F 10 8 Pigtail 15 20 40 
p2j M 10 10.9 Pigtail 20 80 125 
tp8 F 15 8.1 Pigtail 5 10 20 
v6t M 7 15.4 Pigtail 10 15 20 

Average 13.1 10.5 10.4 23.8 44.7 
S.E.M. 1.48 0.91 1.61 6.75 11.20 



Table II: Task latencies in vehicle- and JWBJ-84-1-treated mo.nkeys. 
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Table II: Task latencies in vehicle- _and JWBJ-84-1-treated monkeys. . . 

Standard DMTS 
Sample Latency Choice Latency 

DoseJWB 
(mg/kg) Mean S.E.M. Mean S.E.M. 

0 2.14 0.08 2.80 0.16 
5 2.09 0.13 2.95 0.34 
10 1.96 0.16 2.68 0.28 
20 2.13 0.18 2.92 0.37 
50 3.10 0.65 3.13 0.40 
100 2.70 0.42 2.97 0.42 
150 2.09 0.13 2.68 0.28 

Non-distracter DMTS 

0 3.08 0.76 ' 2.47 0.12 
5 3.70 0.84 2.82 0.37 
10 3.21 0.78 2.55 0.28 
20 · 3.11 0.49 2.47 0.22 
50 2.91 0.58 2.43 0.26 
100 2.76 0.47 2.45 0.28 
150 2.85 0.50 2.34 0.19 

Distracter DMTS 

0 3.39 0.99 2.49 0.25 
5 4.23 1.21 2.52 0.29 
10 3.77 1.14 2.58 0.30 
20 3.10 0.51 2.46 0.31 
50 3.40 0.80 2.19 0.33 
100 2.81 0.44 2.23 0.34 
150 3.14 0.74 2.07 0.28 



Table III: Summary of significant cognitive effects produced by JWBl-84-1 in mice 

and monkeys. 



Table III: Summary of significant cognitive effects produced by JWBJ-84-1 in mice 

and monkeys. 

Task Dose JWBl-81-1 Trial number or % Change from 

(µg/kg) . Delay interval vehicle mean* 

Radial Arm Water 
20 Trial 2 24.1 

Maze 

DMTS 10. Long 12.0 

DMTS 100 Medium 17.6 

DMTS 150 Medium 8.9 

DMTS - 24 Hr session 100 . Long 13.7 

Distracter-DMTS 5 Short 25.3 

Distracter-DMTS 10 Short 18.4 

Distracter-DMTS 50 Short 26.5 

Distracter-DMTS 50 Medium 28.9 

Non-distracter DMTS 10 Medium -21.7 
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*Calculated as the difference between the mean value associated with JWB 1-84-1 and the 

respective mean value for drug vehicle divided by the vehicle mean. · 



T_able IV: Investigation of potential interaction of JWBl-84-1 at various receptor 
targets 

NIMH Psychoactive Drug Screening Program (PDSP) located at University of North 

Carolina Chapel Hill, NC conducted this drug screen 10 µM JWBJ-84-1 was screened 

for various receptor targets. Data represent mean % inhibition (N == 4 determinations) 

for compound tested at receptor subtypes. The results from the screening suggest that 

JWBJ-84-1 at 10 µM concentration might be acting at DJ as well as 5HT-JA receptors. 



Table IV: Investigation of potential interaction of JWBJ-84-1 at various receptor 

targets. 

JWB-1-84-1 (lOµM) 

Target Displacemen1 Target Displacemen1 Target Displacemen1 
(%) (%) (%) 

5htla 58 AlphalB -7 KOR -2.7 
5htlb -5 lAlpha2A . 15.1 Ml -14.4 

5htld -1.5 Alpha2B 37.6 , M2 -8.9 

5htle 3.8 DJ 53.4(AVE) M3 -9.4 
5ht2a -4.5 D2 -0.7 MDRl -2.2 
5ht2b 10.8 D3 -5.1 MOR 22.6 
5ht2c -5.2 D4 18 NET 10.4 
5ht5a 19.8 D5 26.0(AVE) NMDA/MK.801 1 
5ht6 1.6 Hl 9 SERT -3.6 
5ht7 13.6 H2 -34.2 Sigma 1 38.5 

lAlphalA -4.6 H4 6.5 Sigma2 9.2 
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