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Act. 412 REPOSPRESRECU  Folios: 54
DIVISION DE NUEVAS CREACIONES
E. S. D.

Sefiores

Re:  Expediente N° 07-002.330
Solicitud de Patente de Invenciéon Titulada: “DERIVADOS DE 3-(HETEROARIL-
OXI)-2-ALQUIL-IQAZA-BICICLOALQUILO COMO LIGANDOS ALFA-7-
NACHR PARA EL TRATAMIENTO DE ENFERMEDADES DEL SISTEMA
NERVIOSO CENTRAL (SNC)”
Solicitante: NOVARTIS A.G.
Nuestra Ref.: P2006/000269

RECURSO DE REPOSICION

CARLOS R. OLARTE, mayor de edad y vecino de Bogota, D.C., identificado como aparece al
pie de mi firma, en mi condicion de apoderado de la sociedad solicitante, y dentro del término
legal previsto por el articulo 51 del Cédigo Contencioso Administrativo, me permito interponer
RECURSO DE REPOSICION en contra de la Resolucién No. 15508, notificada por edicto
desfijado el 18 de abril de 2012.

1. ANTECEDENTES

La solicitud de patente ventilada en este expediente contiene un capitulo reivindicatorio con 8
reivindicaciones que fue radicado el 22 de junio de 2011, en respuesta al primer examen de fondo
expedido por esa Superintendencia (SIC) el 11 de febrero de 2011. Segun la Resolucién No.
15508, el Despacho niega la totalidad de las reivindicaciones por supuesta falta de nivel

inventivo.
2. OBJETO DEL RECURSO
Que se revoque la resolucién recurrida, y en su lugar se conceda el privilegio de patente dec

invencion para las reivindicaciones pendientes de la presente solicitud, o en su defecto aquellas

reivindicaciones que cumplan con los requisitos de patentabilidad.

—

Carrera 5 No. 34 - 03 Bogota D.C., Colombia.
Tel: + 57 (1) 601-7700 Fax: + 57 (1) 601-7799 c-mail: officctiolartemoure.com
www.olartemoure.com




W

OLARTEMOURE

OLARTE MOURE & ASOCIADOS LTDA.
3. FUNDAMENTO DEL RECURSO

Con referencia a los argumentos presentados por la SIC para desvirtuar el nivel inventivo de la
presente solicitud en la resolucién aqui recurrida, respetuosamente difiero del andlisis expuesto, y
procedo a refutar cada uno de dichos argumentos, exponiendo las motivaciones técnicas que

desvirtan la posicion de ese Despacho.

3.1 La SIC insiste en que las patentes W02004/022556 (D1) y W02004/016608 (D2),

afectan el nivel inventivo de la presente invencion.

32. a- La SIC argumenta una vez mas que DI revela compuestos derivados de
azabicicloalquil-éteres. A su vez, D2 divulga compuestos derivados de quinuclidina, como
moduladores selectivos del receptor a7 nACh, en donde A (equivalente a Y-R en la presente
invencidn) puede ser una piridazina, piridina y tiodiazol, que se encuentran sustituidos por un

grupo indolil.

La Resolucion aqui recurrida presenta una tabla comparando las caracteristicas esenciales

divulgadas en D1 y D2, y los compuestos de la presente invencidn:

Caracteristicas esenciales D1 D2

Compuesto de formula | (cap | Compuestos formula (i) Compuestos férmula (1)
reivindicatorio folio 149, pg 1)

XK= A
| O<y-r @mo\v_.a @
X\ >\\l
N

—A ) m N

. ) En forma de base libre o en
En forma de base libre o en forma | En forma de base libre 0 en forma | forma de sal de adicion 4cida y

de sai de adicién acida. de sal de adicién 3acida, y sus | sus enantidémeros.
Donde: enantibmeros Donde: i
Donde:
Az H H H
| B= metilo en posicidn irans | no es metilo sino K no es metiio sino H
i respecto al oxigeno.
X= CH2 _ = CH2 o un enlace sencilio CH2
O 0O X=Q

Y= . ) = y ) _ [\q:[;)“ _.(/;"i\’_
N=N _ A\ -_<'" N=N 5 M\ 0 - \ \—/
_Q\__) _ _{IN} T\> _/\*,)' M‘/N_:} ‘ _ A piridazini . piridint
— I -
- | L

5

Tiadiazol

Sustituidos por indolil

‘_-,7.> =t
Q//\ 2 R= un hetercarilo Cs-Cy (no ~ A N

R= 5-indolil N especificamente un indoli)

. s N
1 indolil H
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b- De manera mas detallada que el analisis estructural presentado por la SIC, me
permito puntualizar las diferencias estructurales que alejan los compuestos de la presente

invencion de los compuestos divulgados en D1 y D2.

D1 divulga compuestos derivados de 1-azabicicloalcanos, de Férmula I:

O‘Y-—H
A

N
en los que X es -CH; o un enlace, Y puede ser un grupo piridazina, pirimidina o piridina, y R es
un grupo arilo o heteroarilo Cs.jg sustituido o no sustituido, N(R])(R4) 0 N(Rz)(CHR3R4). Es
decir, los compuestos de D1 presentan un nucleo 1-aza-biciclo[2.2.1]heptano o quinuclidina

(dependiendo del significado de X), cuya uinica sustitucion se presenta en la posicion 3 por un

grupo -oxo-piridazin/pirimidin/piridin-ariloCs. o/heteroarilo Cs.jo.

D2 divulga compuestos de Formula (I) con la siguiente estructura:
X—A

(CHz)nf

@
en donde el nucleo puede ser quinuclidina, 1-aza-biciclo[3.2.2]nonano o 1-aza-
biciclo[4.2.2]decano, dependiendo del significado de n. Adicionalmente, X puede representar
diferentes tipos de puentes, tales como -O-, -O-CH;-, -S-, -SO-, -SO,-, -NH-, -N(alquilo)-C(=0)-
y -C(=S)-, entre otros. Por ultimo, A puede representar un anillo monociclico o policiclico,
carbociclico o heterociclico sustituido una o mas veces. Es decir, los compuestos de D2 son
derivados de los nucleos quinocludina, 1-aza-biciclo[3.2.2]nonano o 1-aza-biciclo[4.2.2]decano,

cuya unica_sustitucion se presenta en la posicion 3, por un radical X-A. En cuanto a este

sustituyenté A, ninguna ensefianza de D2 indica directamente que se deberia utilizar un
sustityente S-indolilo, en lugar, por ejemplo, de otros explicitamente mencionados como
quinolina, quinoxalina, bencimidazol, benzoxazol, benzotiazol, benzotriazol, imidazo[l,2-

b]piridazol, dibenzofurano apuntados por la descripcidn.

c- - Ahora bien, contrario a las ensefianzas estructurales de D1 y D2, la presente

invencion reclama 2-metil-3-(5-indolil-heteroariloxi)-quinuclidinas de férmula (I)

Ny

\Y""‘
EX"') lj ) R
R d
"N ( )

B
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Como cualquier persona medianamente versada en la materia lo podria reconocer, el nucleo

quinuclidina en los compuestos de la presente invencién se encuentra disustituido en las

posiciones 2 v 3 (sustituyente B en la posiciéon 2 y la fraccion -O-Y-R en la posicion 3), en

particular, por un metilo (en posicién trans respecto al oxigeno) y un grupo -0Xo-

piridazin/pirimidin/piridin/1,3,4-tiadizol-5-indolilo, respectivamente.

La SIC desestima esta indiscutible diferencia estructural fundamental, que aleja completamente
los compuestos de la presente invencion de los compuestos del arte previo citado, y de la que se

deriva el efecto técnico alcanzado.

33. a- La SIC concluye que D1 divulga compuestos azabicicloalquil-éteres como
muduladores selectivos del receptor a7 nACh con un valor pEC50 entre aproximadamente 5 y 8,
el proceso para su obtencion y composiciones que los contiene. La invencion se diferencia de D1
en la presencia de un metilo en posicion trans respecto al oxigeno (B en la Férmula I) y en que el

sustituyente R es un grupo 5-indolilo.

Sin embargo, la SIC encuentra que no existe un efecto técnico por la presencia de los

sustituyentes mencionados en B y R.

b- Me permito resaltar que la sustitucion en la posicion 2 del nucleo quinuclidina por
un metilo én posicidn trans en la presente invencion, no se encuentra siquiera sugerida en los

documentos citados como arte previo por la SIC (D1 y D2)

Claramente, la persona medianamente versada en la materia, siguiendo las ensefianzas de D1 y

D2, necesariamente produciria compuestos NO SUSTITUIDOS en la posicién 2 del anillo

biciclico central. En este punto, solicito respetuosamente a la SIC que brinde una explicacion

completa sobre el origen especifico de las ensefianzas de D1 y D2 que motiven a la persona
medianamente versada en la materia a incluir especificamente un grupo metilo en configuracién

trans en la posicion 2 del nicleo quinuclidina, tal como se reivindica en la presente invencion.
La inclusion de dicho grupo metilo en la posicion 2, de ninguna manera corresponde a una simple

modificacién estructural obvia. De nuevo, la materia divulgada en del arte previo ensefia

claramente que no debe existir sustitucion alguna en dicha posicion sobre el nticleo quinuclidina.
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Ahora bien, como lo explicaré mas adelante, dicha sustitucién de un grupo metilo en
configuracion trans en la posicion 2 del nucleo quinuclidina, proporciona a los compuestos de la

presente invencién una mejor eficacia como agonista de los receptores a7 nAChR.

34, a- La SIC enfatiza que no existe evidencia de que la modificacién estructural
realizada sobre los compuestos reivindicados, que son homoélogos (metilados) de los compuestos
de DI, proporcione un efecto sorprendente, ya que los compuestos reclamados muestran el

mismo efecto selectivo sobre el receptor a7, con un valor de pEC50 entre 5y 9.

La SIC argumenta que para la persona medianamente versada en la materia, con conocimiento de
los compuestos de D1 y D2, resulta obvio realizar las sustituciones propuestas con la expectativa

de lograr los compuestos reivindicados activos como moduladores del receptor a7.

Adicionalmente, la SIC anota, respecto a la comparacién presentada entre un compuesto de la
invencion con un compuesto del documento US2005701375204, con un valor de
EC50=16+0.2nM para el compuesto de la invencidn, frente a un valor de EC50= 13+0.1nM para
el compuesto comparado, que no se observa un efecto sorprendente, confirmando que la
modificacion estructural (el H de la posicion 2 por un metilo y un indol en R), no aporta una
ventaja significativa que confiera nivel inventivo a la materia reivindicada. Adicionalmente, la
SIC anota que los ensayos comparativos deben realizarse con respecto al arte previo citado (D1 y

D2).

b- - Evidentemente, las anteriores afirmaciones de la SIC son a todas luces subjetivas y

acomodadas.

1) En primer lugar, como lo demostré anteriormente, las ensefianzas del arte
previo ensefian claramente que no debe existir sustitucion alguna en la posicion 2 del nicleo
quinuclidina. La inclusidon un grupo metilo en la posicion 2, de ninguna manera corresponde a
una simple modificacion estructural obvia, pues no existe sugerencia alguna en el arte previo que

motive a la persona medianamente versada en la materia a realizar tal modificacion.

ii) En segundo lugar, me refiero al compuesto 3-[6-(1h-indol-5-il)-piridazin-3-

iloxi]-1-aza-biciclo[2.2.2]octano, incluido como Ejemplo 9 en el documento US2005701375204.
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La SIC continua afirmando que dicho compuesto no hace parte del arte previo con unico el fin
restar importancia a los resultados experimentales comparativos presentados. Sin embargo, me

permito resaltar que, de acuerdo a la divulgacion de los compuestos de D1, de férmula

O‘Y-—R

N

estructural:

3

el compuesto utilizado como referencia de comparaciéon (compuesto 3-[6-(1h-indol-5-il)-
piridazin-3-iloxi]-1-aza-biciclo[2.2.2]octano), si hace parte de tal documento del arte previo, en

particular cuando X es -CHs-, Y es piridazina y R es un grupo 5-indolilo.

No se entiende cmo la SIC puede reiterar una afirmacion falsa, con el unico fin de invalidar
informacion experimental comparativa, cuando a todas luces queda demostrado que dicho

compuesto si hace parte del arte previo, especificamente D1.

ili)  Ahora bien, tal como lo demostré en mis respuestas al primer y segundo
examen de fondo, la comparacion del compuesto de la presente invencion 3-[6-(1h-indol-5-il)-
piridazin-3-iloxi]-2-metil-1-aza-biciclo[2.2.2]octano (Ejemplo 3k), con el mismo compuesto del

arte previo sin el sustituyente metilo en posicion 2, como se muestran en las siguientes

estructuras:

L~ 2
] N ey \ y
' \\"?H\ L/_{‘

3-[6-(1h-indol-5-il)-piridazin-3-iloxi]-2-metil- > 01" mdgl - 1‘1) gg‘gaz“t‘ -3-iloxi]-1-aza-
1-aza-biciclo[2.2.2]octano iciclof2.2.2]octano
(Ejemplo 3k de la presente invencidn)

evidencia que el compuesto de la invencién proporciona una mayor potencia. El Ejemplo 3k de
la presente solicitud presenta un ECsy de 13 + 0,1nM, y una eficacia del 89 + 5%, mientras que el
compuesto mas cercano (no sustituido en posicién 2) presenta un ECso de 16 + 0,2nM y una

eficacia del 93 + 14%."

' Biological Data to support European Patent Application No. 05 0578 825.3 (Anexo 1)
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Nada en el arte previo sugiere que al sustituir el nucleo quinuclidina en posicion 2,
especificamente con un grupo metilo, se obtendria una mejor eficacia, como lo demuestran los

resultados experimentales aportados.

iv) Sin embargo, la SIC de manera arbitraria intenta simplemente desechar los
resultados experimentales obtenidos, mediante la afirmacién subjetiva, que tal diferencia en

actividad, no constituye una ventaja significativa que sustente el nivel inventivo.

.Con base en qué parametros puede la SIC asegurar que una diferencia de 3 unidades en los

valores de EC50 no constituye una ventaja significativa?

Cualquier persona medianamente versada en la materia sabria que las respuestas farmacologicas
a valores de concentracion plasmatica, siguen tipicamente una curva sigmoidal, en las que puede
haber un incremento rapido y significativo a partir de una muy pequefia diferencia en
concentracion. Es decir, la relacion farmacodindmica entre la concentracién y el efecto
farmacoldgico, se presenta como una curva sigmoidea que relaciona el logaritmo de la

., , .. . 2
concentracion del farmaco en el sitio efectivo y su efecto.

Una afirmacion sin sustento técnico como la realizada por la SIC, sin tener en cuenta el efecto
exponencial de la relacion farmacodindmica entre concentracion y efecto, resulta totalmente
desacertada. Tanto es inexacto el analisis de la SIC, que en sus conclusiones consignadas en la
Resolucion No. 15508, simplemente decide ignorar la ventaja adicional en eficacia proporcionada

por el Ejemplo 3k de la presente invencion, sin emitir pronunciamiento alguno.

V) La SIC también decide ignorar mis argumentos presentados en respuesta al

primer examen de fondo y reiterados en respuesta al segundo examen, relacionados con el estado

. ., . . ~ . 4
del arte al momento de desarrollar la presente invencion, e incluso persistente un afio despues.3 '

SI bien los articulos de Bunelle et al y Mazurov et al. no han sido considerados como arte previo
para examinar la invencion, es importante resaltar que el articulo de Bunelle et al fue publicado

en enero de 2004, y que el articulo de Mazurov et al, hace una revision de los ligandos selectivos

L. Shargel, A. B. C. Yu. Applied Biopharmaceutics and Pharmacokinetics. 4" ed. Appleton & Lange. Chapter 19,
Relationship between pharmacokinetics and pharmacodynamics. The sidmoid Emax Model. Page 593. (Anexo 2).

3 Bunnelle et al. “Design of Ligands for the Nicotininc Acetylcholine Receptors: The Quest for Selectivity”. Current
Topics in Medicinal Chemistry, Vol. 4, Pages 299-334. 2004 (Anexo 3).

* Mazurov et.al. “Selective a7 Nicotinic Acetylcholine Receptor Ligands”. Current Medicinal Chemistry. Vol. 13.
Pages 1567-1584. 2006 (Anexo 4).
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del receptor o7 nACh, particularmente, de la patente W02022/085901, publicada el 31 de
octubre de 2002. Es decir, los dos articulos de Bunelle et al y Mazurov et al., hacen referencia a
materia de fecha anterior a la fecha de prioridad que reclama la presente invencioén. Por lo tanto,

los articulos de Bunelle et al y Mazurov et al., constituyen informacién complementaria, que

demuestra que incluso un afio o dos afios después de la fecha de prioridad reclamada por la
presente invencion, los expertos en el campo técnico ain concluian que la introduccion de un
sustituyente en la posicién 2 del nucleo quinuclidina, disminuiria significativamente la afinidad

de los agonistas por el receptor a7 nACh.

Como lo mencioné en mi respuesta al primer examen de fondo, en el Anexo 3 se establece en la

pagina 324; lineas 1 y 2, que:

“la introduccion de un sustituyente 2-metilo en el micleo quinuclidina causa

una pérdida de 3 veces la afinidad sobre el a7’ (mi traduccion, mi

subrayado)

Teniendo en cuenta lo anterior, y el objetivo de los compuestos moduladores del receptor a7

nACh, una pérdida de 3 veces la potencia (ECsg) puede traducirse en una dosis tres veces mas

alta, y por lo tanto, un facil incremento en los efectos adversos que para un tratamiento croénico en

dicha poblacién de pacientes puede alcanzar un nivel inaceptable

De la misma forma, en el Anexo 4 se comparan quinuclidin-amidas y carbamatos, y se establece

en la pagina 1574, lineas 14 a 17, que:

“la incorporacion de grupos pequeiios (metilo) o grandes (bencilo) en la
posicion 2 del anillo azabiciclico, generalmente, causa un detrimento en la

afinidad” (mi traduccion, mi subrayado)

De nuevo, y teniendo en cuenta la anterior informacion, que particularmente cubre diferentes
tipos de derivados de quinuclidina (amidas y carbamatos), divulgada afios después de la presente
invencién, las personas medianamente versadas en la materia se inclinan por evitar la
introduccién de un grupo sustituyente en la posicion 2 del anillo quinuclidina, ya que dicha

introduccion llevaria a una reduccion significativa en la afinidad.
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Asi entonces, queda una vez més comprobado que de manera contraria al conocimiento
establecido en el momento de desarrollo de la presente invencion, e incluso persistente hasta 2
afios después de la presente invencién, los compuestos reivindicados, contradiciendo las
indicaciones del estado del arte, incluyen un sustituyente no recomendado en la posicién 2 del
nucleo central de quinuclidina, sustitucion que de manera inesperada proporciona un resultado

sorprendente y mejorado.

Es decir, ni siquiera después de la presente invencién, el técnico medianamente versado en la
materia habria encontrado motivacion para introducir cualquier sustituyente, y menos ain un
metilo trans en la posicion 2, con el fin de resolver el problema de proporcionar agonistas con

una mayor selectividad por el receptor a7 nACh.

3.4. Sin perjuicio de todo lo anterior, en esta oportunidad, con el fin de proporcionar
argumentos adicionales a favor del nivel inventivo de la materia reivindicada, me refiero
especificamente al compuesto (2S,3R)-3-[6-(1H-indol-5-il)-piridazin-3-iloxi]-2-metil-1-aza-

biciclo[2.2.2]octano (Ejemplo 31) reclamado en la Reivindicacién 6, el cual sorpresivamente

presenta una potente actividad agonista, en contraposicion a compuestos relevantes del arte

previo citado, que presentan una menor potencia.

La siguiente tabla presenta la afinidad y eficacia en la activaciéon del receptor a7-nAChR,
valorados en un ensayo funcional®, para el compuesto (28,3R)-3-[6-(1H-indol-5-il)-piridazin-3-
iloxi]-2-metil-1-aza-biciclo[2.2.2]octano (Ejemplo 31) reclamado en la Reivindicacién 6; los
compuestos de los Ejemplos 4, 79 y 850 de D1 (W02004022556); el Ejemplo B8 de D2
(W02004016608); y el compuesto convencional (3R)-3-(6-fenil-piridazin-3-iloxi)-1-aza-

biciclo[2.2.2}octano.

’ - ECso Eficacia
Compuesto Estructura (nM = SEM) | (% + SEM)
Compuesto de la 0 /N N
Invencion (Ejemplo 31, N — \ N 14+£2 89%5
Reivindicacion 6) N
CH,

5 Anexo documento con la tabla de resultados experimentales obtenidos y donde se describe el la metodologia
experimental para la medicion realizada (Anexo 5).
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&

N —
[¢] 74 N
D1: Ejemplo 4 ! ) 129 =29 108 + 23
N—
o/ N 0
D1: Ejemplo 79 CQK ) b 2+6 88 + 3
(o]
N—

A4
D1: Ejemplo 850 | _ \ O 43+£11 87+ 9
N
(o] 74 N
D2: Ejemplo B8 CQK ) 52417 80+ 11

N
o, N
Compuesto convencional CQI/ — \ 107 £ 73 8312

De los anteriores resultados claramente se evidencia que el compuesto de la invencion (Ejemplo

3], reclamado en la Reivindicacién 6) tiene una potencia de 14+2nM, significativamente mayor

que la de todos los compuestos ensayados, que resultan estructuralmente significativos.

En definitiva, es incuestionable que los compuestos de la presente invencién, en particular el

Ejemplo 31, reclamado en la Reivindicacién 6, proporcionan un efecto inesperado y ventajoso

sobre el arte previo citado, atin a pesar de la aparente cercania estructural de los compuestos

anteriormente conocidos.

3.5.  De insistir la SIC en sus analisis y conclusiones expuestas en su Resolucién No. 15508 (a
pesar de haber sido completamente desvirtuadas con mis explicaciones en los puntos anteriores),
solicito respetuosamente por lo menos considerar la concesién del compuesto de la
Reivindicacion 6, para el cual queda demostrada indudablemente su afinidad y eficacia

sorprendente, en comparacion con compuestos relevantes del arte previo.

3.6. Finalmente, me permito sefialar que en relacion con la invencién de la presente solicitud,

el privilegio de patente ha sido otorgado por parte de las Oficinas de Patentes en Europa,

Australia, México y Rusia.

Aunque las concesiones de patentes en oficinas de otros paises no son vinculantes en el sentido
que obliguen a la SIC a tomar una decision en el mismo sentido, es a la vez cierto que los
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criterios de patentabilidad en los que deben fundamentarse el analisis de solicitudes de patente, en
particular en cuanto al nivel inventivo se refiere, son analogos globalmente, y concesiones en

otras jurisdicciones sugieren el cumplimiento de dichos requisitos, ya que claramente, los

criterios de evaluacion y estudio aplicados para determinar la novedad y nivel inventivo resultan

equivalentes a los que la Superintendencia debe emplear, establecidos de manera semejante por

las legislaciones de patentes a lo largo del mundo entero.

4. Para terminar, de conformidad con lo establecido en el articulo 59 del Codigo

Contencioso Administrativo, solicito respetuosamente que todos y cada uno de los puntos
planteados en el presente recurso (en particular 3.2 a 3.6) sean resueltos de manera individual,

completa y motivada, respecto de las razones de hecho, derecho y/o conveniencia que lleven a

esa Superintendencia a adoptar la decision que estime frente a la solicitud aqui formulada.
5. NOTIFICACION
Recibiré notificaciones en mis oficinas ubicadas en la Carrera 5 No. 34-03, de Bogota.

Atentamente,

C -@rﬁAR—T-E%;__S—;

C.C. No. 79.782.747 de Bogota
T.P. 74295

Anexos:
- "Anexo 1: Biological Data to support European Patent Application No. 05 0578 825.3.
- Anexo 2: L. Shargel, A. B. C. Yu. Applied Biopharmaceutics and Pharmacokinetics.
4™ ed. Appleton & Lange. Chapter 19, Relationship between pharmacokinetics and
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ANEXO 1

Rinlogical Daty to support Europesn Patent Application Do, (13 738 NS 3

The affinity and ¢fficacy of a typical compound of the invention (Example No 3k) and of the
carrespanding prior art compound (Example 9 of US2005 0137183 7 17S2005/0137204) in

geiivaung the nicotinic acetyichohing receptor nAChR a7 wis assessed in a furctional assav

Structurc of compounds:

N~
" \i’“\v = \@Q
?CHJ /4 H

Example 3k of tha invantion Prior art axamplo
Results:
Compound " aAChRa7 | SEM }zx;\Cl*ch I SEM
(FCenM) ! ia Hicacy (%
Example 35\ i3 éﬂ.l I &9 5%
Prar art example 14 ; 0.2 ! a3 14%%

TE ficacy compared to epibatidine (whichas @ bl nAChR 1™ sgoanst, D Feuerdech et al, 2005, sec below)

Assav description

To assess nACHR a7 activiy, a functional 2582y was employed usirg GHJ cells that
recombinantly expressed buman nAChR a7, 5 x 104 cells per well weie seeded 72 h prior w the
experiment on black 96-well plates (Costar) and incubated at 370C o humid:ficd atmosphere (5
o COIZI98 % air) Om the day af the expenment, nsedium was removed by theving the plaies and
replaced with 100 ¢! growih medium comaining 2 mM Fluo-¢, (Molecular Probes) in the
presenee of 2.5 mM probenecid (Sigima). The celis were incubated at 37°C in o humudified
atmosphere (5 96 CO2/98 %4 air) for | h. Plates were flicked to remove excess of Fluo-d, washed
twice with Hepes-butfered <alt eoluton inmM Na€i 130, KO 154, (a'i2 2, Mgd0O2 0.8
NaH2PO< 0.9, glucose 25, Hepes 20, pH 7.4, HBS) and refitled with 100 ul of HBS containg

antagonist when appropnate, The incubstion in the preseace of the amagomst lasied 3 3 minutes.

Pagina 1 de 2
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Plates were placed in the cell plae stage of a FLIPR device (fluorcscent imaging platc reader,
Molecular Devices, Sunmyvale, CA, USATY After recording of the baseline {Taser: excilation 488
am a1 1 W, CCD eamern opening of 0.4 sccands) the agonists (30 ply were added to the cell plate
using the FLIPR Y6-tip pipetter while simultaneously recording the fiuorescence, Caleiun
inetic data were nosnahized 1o the maxmnat fitted response induced by epbatdine, which 1s a
full agonist at RACHR a7, Four paramcter Hill cquations were fitted 1o the concentrabon-
response. Values of Emax (imaximal effect in % compared to the cpibatidine response) and ECS0
(comceneration producing half the maximal effeet in M) were derived [rom thig fit.

Axsay desaribed in. D Feuerbach et al, Newophanpacgelogy (2005), 48, 215-227
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Design of Ligands for the Nicotinic Acetylcholine Receptors: The Quest for

Selectivity

William H. Bunnclle*, Michael J. Dart, and Michael R. Schrimpf

Abbott Laboratories Global Pharmaceutical Research and Development, Department R47W, AP9A-1, Abbott Park,

Hlinois 60064, USA

Abstract: In the last decade, nicotinic acetylcholine receptors (nAChRs) have emerged as important targets for drug
discovery. The therapeutic potential of nicotinic agonists depends substantially on the sbility to selectively activate certain
receptor subtypes that mediate beneficial effects. The design of such compounds has proceeded in spite of a general
shortage of data pertaining to subtype selectivity. Medicinal chemistry efforts have been guided principally by binding
affinities to the aaB2 and/or &7 subtypes, even though these are not predictive of ngonist activity at cither subtype.
Nevertheless, a diverse family of nAChR ligands has been developed, and several analogs with promising therapeutic
potential have now advanced to human clinical trials. This paper provides an overvicw of the structurc-affinity
relationships that continue to drive development of new nAChR ligands.

Key Words: Nicotine, epibatidine, acetylchotine, quinuctidine, nAChR, o432, a7, SAR.

INTRODUCTION

. The profound physiological effects of the tobacco

alkaloid nicotine are mediated by a set of ion channels whose
cndogenous ligand is acetylcholine. Multiple subtypes of
nicotinic acetylcholine receptors (nAChRs) are differentially
located throughout the CNS and periphery, and the
functional roles of these diverse receptor types are just
beginning to be clucidated [I-3]. In the CNS, nAChRs
modulate functions of many major ncurotransmitter systems,
and thereby influence a broad range of brain functions [4].
This is reflected in the beneficial effects of nicotine in
treatment of cognitive disorders, neurodegenerative conditions
such as Alzheimer’s and Parkinson's diseases, schizophrenia,
depression, and pain, among others {5-7]. Likewise, nAChRs
are implicated in nicotine’s well-known side effects,
including cardiovascular and gastrointestinal effects, addiction
liability, and a possible role in angiogenesis facilitating
tummor growth (8-10]. The existence of multiple nAChR
subtypes suggests that it should be possible to eliminate
undesired side cffects through development of nAChR
ligands that arc suitably selective for subtypes that mediate
the therapeutically beneficial function [11,12).

Over the past fiftcen years, drug discovery efforts have
greatly cxpanded the number and strucwral diversity of
nAChR ligands. These have been detailed in several
excellent reviews (13-16]. This curment paper is meant to
provide an overview of the challenges of developing
subtype-selective nAChR agonists and a suramary of recent
developments in the area.

nAChR RECEPTOR ORGANIZATION

nAChRs are composed of a pentagonal array of subunit
proteins, forming an ion channel in the center. The prototype

*Addrress correspondence to this outhor at Abbott Laboratorics Global
Pharmaccutical Rescarch and Development, Department R47W, AP9A-1,
Abbott Park, Iilinois 60064, USA; Tel: 938.9765; Fax: 937-9195; E-mail:
william h.bunnclic@abbott.com

1568-0266/04 $45.00+.00

and best-charactcrized receptor is found at the neuromuscular
junction (NMJ), where it mediates chemical transmission
across the nerve-muscle synapse [17). This nAChR
comprises four different subunit proteins: two o1 subunits
along with 31, 8 and ¥ (the latter replaced by € in later
developmental stages) {18}. Ncuronal nAChRs are built from
a separate and distinct group of subunits (« 2-10 and 24
have becn identified to date) [19,20). The o subunits are
associated with the agonist binding domain, characterized by
a disulfide bridge between vicinal cysteine residues in the -
extracellular N-terminal region of the protein. Nevertheless,
adjacent (generally non-o) subunits also contribute to the
binding site, so activity at any nAChR depends on the entire
subunit composition.

In the resting state (absent agonist), the ion channel is
closed. Binding of agonist to the receptor causes transient
opening of the channel, allowing influx of cations (K*, Na”,
and/or Ca™) into the cell that triggers other cvents (c.g.,
membranc depolarization, initiation of action potential),
Within a time frame of milliseconds to scconds, the channcl
closes again, a process known as desensitization. Indced,
multiple ~ desensitized states are likely involved [21].
Ultimately, dissociation of the agonist returns the receptor to

© the resting state. The responsivencss to agonist, the ion

conductance and selectivity, and rate of desensitization arc
all characteristics of individual receptor subtypes determinant
for their particular function.

Structural information on the nAChR is based mainly on
investigations of the NMJ subtype. There are two agonist-
binding sites, at thc oy and ad interfaces, and receptor
activation requires occupation of both. Extensive study of
photoaffinity labels and site-directed mutagenesis confirm
that key binding-sitc residues arc contributed by both
subunits [18]. Critical structural detail has been provided by
recent publication of the x-ray structure of acetylicholine
binding protein (AChBP), a pentameric protein that resembles
the extracellular binding domain of nAChRs [22]. This
structure confirms the main features of the receptor binding
domain, in particular the convergence of three tyrosine and

© 2004 Bentham Sclence Publishers Ltd,
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two tryptophan side chains to frame a “box’ of electron-rich
aromatic rings (23] It is now well-established that the
trimethylammonium moiety of acetylcholine binds in this
hydrophobic box, determined largely by a strong cation-x
interaction with Trp149 of the a subunit [24-27}. Homology
models indicate that the ‘cation box' is conserved across
ncuronal subtypes as weil. Unwin's clegant time-resolved
electron microscopic studies reveal the gross changes in
NMJ receptor morphology from resting state through
activation by agonist and ultimate desensitization [17,28,29].
The manner by which binding of a small agonist leverages

Tablel. Pharmacological Data for Key nAChR Ligands.

Bunnelle et al

these conformational reorganizations is not well understood,
but must involve some induced change in the geometry of
the ligand-binding domain. A crucial point to be appreciated
here is that the nAChR pharmacophore is most certainly
different for the active state of the receptor compared to the
desensitized state(s). Equilibrium binding experiments,
including ligand photoaffinity labeling, will normally access
the desensitized statc of the receptor, and thereby reveal
detail that is different from the active {orm [30].

The overall architecture of neuronal RAChRs is similar to

Binding (K, nM) Receptor activation (ECa) Refs
Ligands ’
Ratodp2 | Ratay | TorPedo hosp2 he3Bde ho?
oS
N = 46 uM 2 M 8 (308]
’ B )lM
H% 1.0 nM 4000 nM 1000 aM (100%) (100%) (100%) .[(34059]]
N
Nicotine, 1
N Cl
r’d
N f 002uM | 0007puM 1.3 M (110
" 0.04 nM 230 nM 2.7 oM (156%) (153%) (80%) {;;g}
H
Epibatidine, 168
HNO\’O SN wosn | 100am +10.aM 0.7 uM 0.7 uM 8.9 UM 010)
| P 03 n o (163%) (113%) (100%) | 148
A-85380,78
H
g Z ~ ) {135)
) \/\/\() 260M | 36000nM | Nodaw ‘t;st;:‘; nactive No data {:;g
N {138)
RIR-2403, 115
2 "
- (66
:N | = 4 nM No dats 52,000 1M ’(fg';r;' :SO‘;\; inactive {65)
H3C P * * {139}
N
SIB-1508Y, 22
OCH,
No No . (308}
19 nM 650 M 1100 nM activation activation 12%@ 1 mM [309)
N
GTS-21,322
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that of the NMJ receptor, but a greater diversity of subunits
provides for many more receptor subtypes [l,18,19].
Combinations with the (&)(B); stoichiometry are common,
but some alpha subunits (notably o7, but also 0.8-9) form
functional, homopentameric receptors [19]. At lcast one
receptor with overall the (a)(B)y stoichiometry has been
described {31]. In native tissue, radioligand binding different-
iates two major classes of nAChRs. One group is defined by
high-affinity (~} nM) binding of radiolabeled agonists, e.g.,
[*H}-nicotine, and has been identified as mainly the o4p2
combination. The other group is characterized by lower
{micromolar) affinity for nicotine, but high affinity for the
snake toxin & -bungarotoxin (Btx), and is assigned as the a7
homopentamer [32]. Combinations of o3 with B4, and
possibly other subunits including &5 or $2-3 [31,33,34] are
cxpressed in the autonomic ganglia; the uncertain composition
of receptor subtypes is reflected in designations like a3p4°,
where the asterisk indicates the possible involvement of
other subunits,

THE QUEST FOR SELECTIVITY

Expression systems with various cloned subunit
combinations have been developed [32],.and these have been
useful as pharmacological standards to help characterize and
identify receptors in native tissue, as well as to evaluate
subtype selectivity for a limited number of nAChR ligands,
While these tools have been useful in helping to elucidate the
role(s) of various receptor subtypes, they have had limited
impact on the development of subtype-selective nAChR
ligands. Most obvious is that in vitro selectivities can reflect
only the subtypes against which the ligand has been
evaluated ~ an example is the assignment of the o3p2
nAChR as the key subtype mediating striatal dopamine
release, based largely on the putative selectivity of the
antagonist a-conotoxin MII [35]). Subsequent study revealed
that conotoxin M1] is also a potent inhibitor of a6-containing
subtypes, which has caused revision of the a3f32 hypothesis
to include involvement of a6 [36). Morcover, it must be
cmphasized that rccombinant expression systems are artificial
constructs, and evidence cxists that the pharmacology is not
always identical to native receptor subtypes [37-39]. The use
of recombinant receptors is not widespread, and comparative
data for only relatively few compounds have been published
(3.,40-42). A comparison of binding and functional data for
sclect compounds is presented in Table 1. Precise assay
conditions differ between laboratorics, leading to considerable
varjability in reported data, even for key standards. For
example, reported values for the binding affinity of nicotine
to the @4P2 nAChR in rat brain membranes range from 0.8 -
8 nM [43,44], while those for binding at the rat &7 subtype
{130 - 6000 nM) [45,46] exhibit an even larger spread. The
values in Table 1 are chosen as somewhat representative, and
perhaps reflect a bias for data from our own laboratory.
Nevertheless, they provide a sense of the comparative
potencies and subtype selectivitics of the best-known
compounds — these have served as templates for further SAR
ang are discussed in more detail below. On the other hand,
available data for the rather large number of ncw nAChR
ligands is limitcd mainly to radioligand binding at the o4p2,
and to a lesser degree, the a7 subtypes [13]. In order to
facilitatc comparison of compounds from different
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laboratories, we have reported binding data as K., the ratio
of the binding constant for the test compound to that of
nicotine from the same laboratory.

Consideration of the structures of acetylcholine (ACh)
and (-)-nicotine suggests a2 minimal pharmacophore consisting
of & quaternized or protonated (cationic) nitrogen, and a
hydrogen-bond acceptor (the C=0 of ACh and the pyridine
of nicotine). These basic elements are retained in several
more sophisticated pharmacophore models that are reviewed
in [47]. So far, all of these models reflect binding affinity for
the adP2 receptor, and the shortage of data for other
subtypes precludes any analysis of selectivity. Likewise, the
reliance on binding affinity necessarily leads to modeling of
the desensitized state of the receptor, and available data
indicate that binding affinities do not correlate well with
potencies for receptor activation {40]. Finally, it is worth
noting that, at the NMJ receptor, the cation-n interaction
established for acetylcholine is substantially attenuated for
nicotine [24], suggesting differing binding modes for these
agonists. In any case, nicotine’s interaction with the NMJ
receptor is much weaker than with neuronal subtypes (sce
below), even though the putative cation-binding site is well

conserved.

y e
R l P R I P H,C )
N N N

G)Nicotine mdP2 2 R=CHy K= 25 5 Ky =07
1ReCH; Ki=laM 4 ReH Km=S$
3R=H Kg=10

NICOTINE

As the prototype ligand for nAChRs, nicotine has been
studied extensively for structure-activity trends. Indeed, (S)-
nicotine (1) appears to be well-optimized for activity at these
receptors, since most structural modifications result in
diminished potency as measured by binding affinity to the
high-affinity nAChR (mainly a4p2) in rat brain. Nicotine
exhibits significant stereosclectivity, as the (R)-cnantiomer
(2) binds with 10-30-fold lower affinity [48-50] than the
natural (S)-isomer, The N-methyl group of (S)-nicotine
contributes substantially to its receptor binding, as (S)-
nomicotine (3) suffers a 10-fold drop in potency compared
to nicotine [49,50). Interestingly, this effect is reversed for
the (R)-enantiomers, as the demethylated analog (4) is 5
times more potent than (R)-nicotine (2) [50]. N-Alkyl groups
other than methyl cause a sharp reduction in binding affinity
—~ the N-ethy! homolog of nicotine suffers a 17-fold drop in
potency, with even greater attenuation for larger alkyl groups
(S1]. On the other hand, the dimethyl quaternary salt (5)
retains potency similar to nicotine (49).

Variations in the azacycle ring size have been explored
and the azetidine analog to nicotine, 1-methyl-2-(3-
pyridyl)azetidine (MPA, 6), exhibils essentially equivalent
affinity to rat brain receptors {49,52,53]. Unlike nicotine,
demethylation of the azetidine, as in (7) appears to enhance
binding potency [48], but since the available data pertains to
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racemic material, it is not known whether there is a
differential effect on enantiomers.

10 Ky =25

6 R=CH; Ky =09
TREH K =02

8 R=CH; K, =20
9 R=H Ky =50

Ring expansion of nicotine leads to compounds of
substantially lower affinity at the a4P2 subtype for both N-
methy! (8) and N-H (9) variants [48,54]. On the other hand,
it is worth noting that (S)-anabasinc (9), an isomer of
nicotine also found in tobacco, is a more potent ligand at the
a7 nAChR than it is at the a4B2 subtype [55] and in fact is
five-fold more potent than nicotine at the a7 receptor
[55). Both anabasine and its 1,2-dehydro analog anabaseine
(10), a toxin originally isolated from marine worms, fully
activate a7 receptors expressed in oocytes, but are weak
partial agonists at the a4B2 receptor [55,56). Anabascine,
especially, has served as a template for a7-selective
compounds (see below).

This feature does not extend to the eight-membered ring
analogs of 8-10, which have been disclosed [57]. While
these compounds are moderately potent ligands for a4p2
nAChRs, they are significantly less active at the @7 subtype.

g FHIG,
N X N N N N
1 | 1 | 1 !
HC 2 HC Z e >
N N N
11 Ky = 70 12 Ky = 330 13 Ky = 10

Substitution on the pyrrolidine ring of nicotine has been
thoroughly studied ~ all of the modifications cause
diminished potency as measured by affinity to a4p2
nAChRs [58,59). QSAR analysis of this data indicates that
the steric effects are most important, and are amplified when
the substituent is near the pyridine or pymolidine nitrogen
{59], presumably reflecting the limited space in the cation-
binding pocket that must accommodate the pyrrolidine ring.
A feature not explained by the QSAR equations is the
unexpectedly low potency for the trans-4-fluoronicotine
(12), especially relative to that of 11, where the fluorine
occupics the more sterically-sensitive cis orientation, Presum-
ably, an unfavorable electronic interaction at the receptor
interferes with cffective binding of 12; the additional
methylene link in 13 is sufficient to mitigate this effect.

While variations in the pyrrolidine ring of nicotine have
generally caused a substantial loss of binding affinity,
alterations of the pyridine ring have proved to be a more
rewarding path to potent analogs. Substitutions at the 2- and
4-pytidine positions, ortho to the pyrrolidine attachment,
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] R
'N s 5‘4 l R
HyC zl 2 HC )
N ¢ R N

19 R= NCS ‘Kt = 35
20 ReNH, K4 =3

14 R=Br Kat =03
15 R=Me¢ Ky =14
16 R=Et K4 = 4.4

17 R=nPr K4 = 14
18 R=NH, K =64

appear to be poorly tolerated [13,48], although very few
examples have been reported. Much better success has been
achieved with substitutions at the 5- and 6- positions of the
pyridine. Halogens at the 6-position (e.g., 14) provide a
modest enhancement of binding affinity at the a4p2 receptor
compared to nicotine, and small alkyl groups (15-17) are
accommodated with only a modest decrease in potency [60].
Analysis of a range of substituents suggests that increased
lipophilicity of the group enhances binding affinity, but this
effect must be balanced against an opposing steric eflect
(60]. The 6-Cl, 6-Me, and 6-Et analogs of nicotine are all
somewhat more potent than nicotine.in the mouse tail-flick
model of antinociception, considered to be mediated by
a4P2 receptors [61]. In contrast, the n-propyl homolog (17)
blocks this effect, suggesting a change in functional activity
from agonist to antagonist with increasing size of the
pyridine 6-substituent [62). 5-Substituted nicotines have
been introduced as affinity labels for neuronal nAChRs
[63,64]. The (racemic) isothiocyanate 19 is some 35-fold less
potent than nicotine, but irreversibly blocks the high-affinity
(c4P2) brain receptor at doses that are accessible for in vivo
use [63). The interaction appears to involve only the alpha
subunit, and is presumned to represent reaction at the vicinal
cysteines ncar the binding site [64]. Likewise, Iritiated
versions of 5-amino and 5-iodo nicotine have been developed
as photoaffinity labels. The racemic S-amino analog 20 is
only 3-fold less potent than nicotine, a difference more
than compensated by the improved efficiency of its
photoreactions {64].

H
R A
H,C HiC P
g NZ } N SIB-1508Y
URSE Ky =3
22 R=CCH K= |
B R=Br Kpi=)

24 R=0OMe Kg=6

The SIBIA group has found that agonist activity of
nicotine derivatives i8 strongly influcnced by the pyridine 3-
substitution, even when binding affinites do not rcflect the
difference [65,66]. Thus, the S-ethynyl analog 22 exhibits
affinity for rat a4P2 receptors that is virtually equivalent to
nicotine, while the S-cthyl analog 21 is only 2-3 times
weaker. In functional assays at human recombinant nAChRs,
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22 is more potent {(although somecwhat less efficacious) than
nicatine toward activation of the a4f2 nAChR (Table 1),
while 21 has no detectable functional activity at this subtype.
The activity of 22 resides in the (S)-enantiomer, designated
SIB-1508Y, which is paricularly efficacious toward
stimulating rclease of dopamine, attributed to enhanced
activity (compared to nicotine) at B2-containing subtypes.
Moreover, SIB-1508Y doaes not activate a7 receptors and is
less potent than nicotine at B4-containing receptors. On the
basis of its improved pharmacological profile compared to
nicotine, SIB-1508Y was selected for preclinical, and
ultimately clinical evaluation for treatment of Parkinson's
disease[66]. The Sibia group has also reported that
replacement of cthynyl in 22 with phenyl causes a shift in
subtype selectivity toward activation of B4 receptors [67].

Another demonstration of differences in  [unctional
activity that are not cvident from binding affinities comes
from a recent study of 5-bromo (23) and 5-methoxynicotine
(24) [68], ligands that bind with slightly lower affinity than
nicotine. /n vitro assays indicate that 23 is a weak partial
agonist at a4P2 receptors [66,68], but it is inactive in
classical in vivo assays of nicotinic function [68). The $-
methoxy derivative 24, on the other hand, blocks the
antinociceptive effect of nicotine, but not its effects on
locomotor activity, suggesting that it has antagonist
properties toward at least some nAChRs.

—d
& l“ HiC
. < N
N N (CHy
2 1 2 Ny N+~ N
N cHy
R 2
25 R= nCHyy Ko = 8700 28 X,y =240

26 R= nCioHyy Ky =30
27 R= H,BCN K= 40

N
& (g
N+ R

29 K > 50,000

Finally, nicotine pyridinium saits, where the pyridine
nitrogen has been alkylated, have been investigated as
antagonists at nAChR subtypes [69]. Like its lower
homologs, the n-octyl nicotinium (NONI, 25) exhibits very
poor affinity for the odPB2 receptor (20 uM) [70).
Nevertheless, 25 is comparatively potent (ICso = 0.62 pM)
toward inhibition of nicotine-evoked release of dopamine
from striatal tissue (71], once thought to be mediated by
o3P2 receptors, but likely involving a6 and other ad-
containing subtypes as well [36]. Not surprisingly, 25 is a
much weaker antagonist (ICg = 10 M) of nicotine-induced
%Rb* efflux from rat thalamic synaptosomes, governed by
432 nAChRs. In sharp contrast stands the n-decyl homolog
(NDNI, 26), which exhibits much improved affimty for the
42 receptor [72] and corresponding increase in potency
(ICso = 14 nM) [71] in the thalamic synaptosome assay.
Conversely, 26 does not inhibit (ICs > 100 pM) dopamine
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release, indicating a reversal of subtype selectivity for the
two-carbon extension of the nicotinium alkyl chain.
Recently, this serics was extended to include atkylene-linked
pyridinium dimers like 28, but thesc are relatively weak
ligands for 42 receptors [72). The bis(quinolinium) analog
29 was found to be sclective for the a7 subtype, with 1.6 uM
binding affinity (compared to 0.45 uM for nicotine). Finally,
a boron complex of nicotine (27), a neutral analog to the N-
alky! nicotinium compounds, retains respectable affinity for
the a4 B2 receptor [73).

PYRIDINE REPLACEMENTS

In addition to placement of substituent groups on the
pyridine of nicotine, SAR studies have led to modified
structures where the pyridine ring is replaced altogether.
Substituted phenyl derivatives have been evaluated for
binding affinity to the rat c4f2 nAChR [74}. Similar trends
as for pyridine substitution were observed - ortho
substituents are not tolerated, para halogens enhancc

_ potency — but even the best compounds are still 40-fold less

potent than (S)-nicotine.

D—CODCQ

32 R=Mc K, = 100
B R*H Kei=$

30 R = Mc Kpy =2.7
31 R=H K, =7

P-4
7
\

34 X =CH K= 160
35 X=N Ky 3.7

Elliot and coworkers described furopyridine analogs with
comparable potency to nicotine, and improved agonist
selectivity [75]. The furo[2,3-b]pyridinc 30 is a potent ligand
for rat brain adB2 receptors (K; = 2.7 nM), but exhibits very
low affinity for the a7 subtype. Moreover, 30 was slightly
more potent than nicoting as an agonist in cells expressing
recombinant human 042 nAChRs, with much lower
activity at ganglionic-type (03p4*) receptors in IMR-32
cells. Structure-activity trends in this series are similar to
those for nicotine. Removal of the N-methyl group (31)
causes a 30-fold loss of binding affinity, but in the (R)-
enantiomer series, the NH compound-(33) is more potent
than (32). Both the presence and the location of the pyridine
nitrogen are critical to high-affinity binding. Thus, the
benzofuran analog 34 has low affinity for the a4p2 receptor,
and a systematic walk of the nitrogen around the pyridine
reveals that only the positions proximal to the ring fusion
(i.e., 30 and 35) provide a good fit for receptor binding {761.
Dihydrofuropyridine analogs of 30 have also been disclosed,
but no specific data were provided [77].

The structurally-related chroman derivatives 36 and 37
have been shown to bind with modest affinity to a4fi2
receptors [78]. The hydroxyl substituent is critical for

®
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36051 Ky =21
370=2 Ky =90

receptor binding, and it is tempting to speculate that this
group fills the role of the ring nitrogen discussed above.
Other placements of the hydroxyl group, however, are not
effective. The compounds have been evaluated as racemates,
but the alternative syn diastereomers are much less potent.
Against recombinant human nAChRs expressed in oocytes,
36 and 37 were both found to be substantially more effective
toward activation of the o3p2 and o7 subtypes compared to
the 0AP2 receptor, and both effect dopamine release from
striatal synaptosomes with potency comparable to nicotine.
Analog 36 fails to effect cortical ACh release, and is there-
fore thought to be an antagonist at the a4p2 nAChR [78}.
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41 R=H Kq=67
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38 R = Me Koy =4
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The Abbott group has explored isoxazole as a potential
bioisostere for pyridine, leading to clinical evaluation of
ABT-418 (38) as a cognition-cnhancing drug with an
improved therapeutic index relative to nicotine [79). As for
the furopytidines, the N-methyl analogs in the ()
enantiomer scries have substantially (at lcast 50-fold) higher
affinity for the rat a4p2 nAChR compared to the secondary
amines (39), while the opposite trend (NH more potent than
NMe) is observed among the (R)-enantiomers (40 vs 41)
{80]. Groups larger than methyl on the isoxazole can be
accommodated with little erosion of binding affinity, but
polar groups (CO,Et and CH,OH) are not well tolerated. A
variety of substitutions around the pyrrolidine  were
investigated [81,82]; as for nicotine, all of these significantly
decreased binding affinity. Finally, modifications of the
isoxazole nucleus, for cxample replacing oxygen by sulfur,
as in the isothiazole 42, or interchanging nitrogen and
oxygen, 1o give the regioisomeric isoxazole 43, result in
drastic loss of potency [80). An attempt to rigidify the ABT-

418 structure led to 44, which has no detectable affinity for

neuronal nAChRs [83). Since this structure has the incorrect
point of attachment to the isoxazole ring, the lack of activity
is not surprising. A morc interesting structure is the

Bunnelle etal

bridgehead analog 45 (84], which has a binding affinity
essentially equivalent to that of ABT-418.

LCH
N 3
CH,; o
30N
N |V Naw
N

’
(o] CH;3

44 45 Kpei= 5~

RIGID NICOTINES: ‘

Nicotine possesses conformational flexibility chiefly
around the pyrrolidine-pyridine link. Rigidified analogs
might have improved potency or subtype selectivity compared
to nicotine, and several approaches have been pursucd. The
anti-fused analog 46 was first described by Chavdarian ef al.
(85], but this compound has little activity at nAChRs (K, at
adf2 and a7 > 10 kM) [73]. The alternate syn-fused isomer
47 is somewhat more potent (K; = 400 nM and 590 nM at rat
@42 and o7, respectively) (73], but still much less active
than nicotine. In this case, demethylation (48) improves
activity at the ad4P2 nAChR while sharply attenuating
affinity for o7 (K = 20 pM) [73]. The individual
enantiomers of 47 have been prepared [86); curiously, (+)-47
with an absolute configuration corresponding to (S)-nicotine,
is less potent than (-)-47 by in vitro assays. Nevertheless,
(+)-47 is more active in a varicty of in vivo models of
nicotinic effects, but these could not be blocked by the
nicotinic antagonist mecamylamine, suggesting that the
observed effects are driven by non-nicotinic pharmacology
[87]. In contrast, the methoxy analog SIB-1663 (49) has
been reported to exhibit in vive effects, including
antinociception in the tail-flick assay, that are blocked with
mecamylamine [88). SIB-1663 has somewhat lower affinity
for rat @42 nAChRs compared to 48, but its functional
profile at human recombinant subtypes reveals improved
efficacy at 62P4 and 3P4 constructs. It was suggested that
these subtypes might be responsible for the in vivo cffects,
but this has not been substantiated.

N
[ > |
- 2N
N\ N\
R R
46 (R=HorCHy) 47 R =CHj Kt = 400
K > 10,000 8 R=H Ky =220

hY
CH,
(-}47 K1 = 7000

)47 Koy = 12,000

' Dan, M. J.; Anderson, D. 1. Unpublished obscrvation.
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(SiB-1663)
49 Kol = 500

Like the nicotine analogs described above, alkyl-
pyridinium analogs of the fused nicotine analogs have also
been investigated [89,90]. The constraint of the ring systems
abolishes activity at the odf2 and o7 subtypes, but the
compounds retain rcasonable potency for inhibition of
nicotine-evoked dopamine release. Both anti and syn analogs
(e.g., 50'and 51) were effective in this assay, with 1Cses in
the 30-40 oM range [90].

"\Cn iHy

~
CHy 5

In the fused nicotine analogs, the pymolidine and
pyridine rings are constrained to a roughly coplanar
orientation, while the energetically-preferred conformation
of nicotine (and protonated nicotine) places these rings in
nearly perpendicular planes {91,92). This conformation is
achieved in the spiro-annulated analogs 52-55, reported by
Ullrich and coworkers [93). The rigid nicotine analog (54) is
the first to mimic both the potency and the SAR of the
natural alkaloid. As is the case for nicotine, the spirofused
analogs exhibit substantial differences in affinity for the (R)-
(52) vs the {5)- (54) configuration. Morcover, demethylation
of 54 results in a 10-fold drop in potency, reminiscent of the
similar effect for (S)-nicotine. These results are certainly
consistent with the suggestion that 54 captures the preferred
bifiding conformation for nicotine — its slightly lower
binding affinity is reasonably attributed to the additional
substitution on the pyridine ring.

52 R=Me Ko = 160 84 R= Me Ky 5.)
$3IR=H Kei= 560 $5 R=H Kui= 56

R

56 R=Me Ky =140
ST ReH Kni=07
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Pyrido{3,4-b]homotropane (PHT, 57) also locks the
pyndine in an orientation roughly perpendicular to the
pyrrolidine ring. Although the individual cnantiomers have
now been prepared [94), biological data have been reported
only for the racemate {95). Here the SAR differs from
nicotine - while the NH analog (57) is as potent as nicotine,
N-methylation (56) causes pronounced attenuation of
binding affinity.

. N \ N, N
& N LT O

§8 (¥)-isomer Ky = 2.5
59 ()-isomer  Keg= 2.0

Another interesting modification is evident in the aza-

. norbornanes 58 and 59, where the N-methyl group of nicotine

is cxtended and tethered back to the 3-position of the
pyrrolidine. One way to consider this structure is that the
basic nitrogen is no longer stercogenic, and the N-alkyl
group is always pseudoaxial with respect to the pyrrolidine
ring. Individual enantiomers for the pyridine sttachment
have been prepared {96). Although the absolute configurations
have not been established, both antipodes bind with high
affinity [93], and nearly equipotent with (S)-nicotine.

(5/@ [%
LA //N

OR=H Ky=1 ) 61 Kt =19
61 R=0Et K1 = 0.5

= N

\_7

63 Ky =8

The Targacept group has explored homologous structures.
Thus, RJR-2429 (60) binds with high affinity to rodent 42
receptors, but appears to act as an antagonist at this subtype
{97]. On the other hand, 60 is a potent agonist at the central
(o6 and @3-containing?) mAChRs involved in dopamine
release, as well as peripheral receptors including the NMJ
and ganglionic (03834%) subtypes [97). As for other series
discussed in this review, substitution on the pyridine 5-
position modulates subtype selectivity. Thus, the S-ethoxy
derivative 61 is 2.5-fold less potent than 60 toward stimulation
of dopamine rclease, but 10-fold less active at the NMJ and
ganglionic nAChRs [98]. Insertion of a methylene spacer
between the pyridine and the azabicyclic ring (62) results in
decreased binding affinity, and even more profound loss of

/LO
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agonist activity at the aforementioned subtypes [99]. On the
other hand, analogs of 60 with ring-expansion of the
azabicyclic system retain high affinity binding (data not
shown) {100). Replacement with the azaadamantane skeleton
as in 63 confers antagonist activity toward dopamine release
ICso = 700 nM), and this compound is a weak partial agonist
at NMJ and ganglionic subtypes [101).
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64 XoH Kyy=03
65 X =Cl Ky =0.05

The pyrrolizidine 64 illustrates an interesting structural
constraint - formally, this molecule arises by bridging the
nicotine N-methyl back to the pyrmolidine 2-position.
Alternatively, the pyrrolizidine can be viewed as a
juxtaposition of (§) and (R) configurations of the pyrrolidine,
and the plane of symmetry renders the molecule achiral
[76,102,103}. A significant issue here is that protonation of
the basic nitrogen wiil reasonably occur cis to the pyridine,
in accord with the computed preference for nicotine itself
[91]. The pyridine derivative 64 is in fact a more potent
ligand than (S)-nicotine at the rat c4P2 nAChHR, and the
dichloro analog 65 has affinity in the 50 pM range [103].

HiCS

NH SN NH | AN RS
2 N/ PA

66 67 68

A number of other interesting constrained nicotine
derivatives have been synthesized, but biological data has
not yet been reported. These include a set of spiro-annulated
anabasines 66 and 67 [104], and the bridgehcad-substituted
7-azanorbomane 68 (conceptually the reverse of 58/59,
where now it is the methylated nitrogen group that is
stereogenic) {105].

LINKER MODIFICATIONS

While connection of the pyrrolidine to the 3-position of
the pyridine scems to be required for good activily, the
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pyridine can be moved to the alternate position of the
pyrrolidine with only a small loss of potency. Thus,
(racemic) isonicotine 69 is eight-fold less potent than
nicotine {106]. The demethylated analog 70 actually has
slightly better affinity at the rat @432 nAChR while, as for
nicotine itself, N-alkyl substituents larger than methyl are
poorly tolerated {107]. Displacement of the pyridine as in
isonicotine amounts to a one-carbon extension of the link
between the basic nitrogen and the heterocycle.
Homonicotine (71), where the link is extended in the
exocyclic fashion, is markedly less effective [108].
Rigidification with the alkyne link (72) affords relatively
potent ligands [109], but the analogous alkenyl-linked
compounds are comparatively ineffective.

] l 5" I

R P R ~
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73 R=Mc Ky = 0.15 75 R=Mc K, =20

74 R=H Ky=016 76 R=H Kg =014

79 R =Mc K, =35
80 R=H Kg=005

77 R=Me Ky =045
78 R=H K, =005

incorporation of an ether link in the tether results in some
very potent nAChR ligands [110]. The (8)-pyrrolidine ether
73 binds to rodent a4Pp2 nAChRs with seven-fold higher
affinity than does nicotine. 73 is a full agonist at recombinant
human 04B2 nAChRs, as well as the ganglionic (c3p4°%)
subtype expressed in IMR32 cells, but is substantially more
potent at the 04P2 receptor. High cnantioselectivity is
evident with this series, so that the (R)-enantiomer 75
exhibits much lower affinity for the rat @482 receptor than
does 73, and is not an agonist in either functional assay. In
contrast, both demcthylated enantiomers 74 and 76 bind with
affinities essentially equal to that of 73, and are full agonists
at a4P2 and o3B4* nAChRs. The functional potencies reveal
an interesting trend in that the NH analogs 74 and 76 are
more potent than 73 at the ganglionic (a3B4*) subtype, but
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less potent at the odP2 nAChR, so that the subtype
selectivity of 73 is csscntially lost in the NH derivatives.

Ring contraction to the azetidines 77-80 results in some
of the most potent nAChR ligands yet reported. As for the
pyrrolidines, cnantioselectivity in binding the N-methyl
analogs favors the (§)-isomer 77 over 79, but the preference
here is not as great. In contrast to the pyrrolidine series, both
nor-methyl cnantiomers 78 and 80 exhibit substantially
improved binding affinities compared to 77 and 79. The NH
compounds 78 and 80 potently activate both adp2 and
o3f4* nAChRs, but with virtually no subtype sclectivity. N-
Methylation attenuates (10- to 100-fold) the potencies at
both subtypes, and also reduces maximal efficacies. The
effect is somewhat more pronounced on the 0c3p4* subtype,
so that 77 exhibits modest sclectivity (about 8-fold) for
activation of a4P2 vs a3f4* subtypes.
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81 XoF Kui= 0.15
82 X=1 K,,>1000
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84 Koy =17

3 Koo 260

Pyridine substituents have been thoroughly evaluated: as
for nicotine, tolerance for substitution at the 2- and 4-
positions is limited compared to the 6-, and especially the 5-
position. Thus, 2-halo derivatives of 78 exhibit a sharp loss
of binding affinity with increasing substituent size (see 81
and 82) {111}, while the 4-chloro analog (83) is 5000 times
less potent than 78 [112). It has been suggested that larger 2-
pyridine substituents disfavor the ligand conformer that is
preferred for receptor binding. Nevertheless, the exceptional
intrinsic potency of the pynidyl cther system makes some
loss of activity tolerable. For example, ABT-089 (84), with a
2-methyl substituent, has 100-fold weaker binding affinity
than its parent (74) [113], but this compound is as potent and
efficacious as nicotine toward stimulation of ACh release in
hippocampal synaptosomes, as well as an in vivo model of
cognitive function [114]. As ABT-089 does not activate
human 0df2 or a3p4* receptors in vitro, it is likely that
these effects result from activation of other nAChR subtypes.
ABT-089 also causes weak activation of the a7 receptor, but
is considerably less potent than nicotine,

4 1 l/ \
H | H |
N & =
N R N Ci
85 R=OMc K., =13 ABT-594

86 R=Et Kg=19 87 Kq=0.04
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The effects of substitution at the pyridine 6-position are
similar to those already described for nicotine. Small groups
such as halogens and methyl arc readily accommodated. The
6-methoxy derivative (85) has binding affinity comparable to
nicotine (albeit 25-fold weaker than 78), but the cthyl analog
(86) is 15-fold weaker than 85 [112]. As for nicotine, the 6-
halogen substitution improves in vivo activity [115). ABT-
504 (87) was identified as a potent analgesic agent whose
effects are mediated by central nAChRs [116], and has since
advanced to phase 2 clinical trials for treatment of chronic
and neuropathic pain {117].
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The pyridine S-position accommodates a very broad
range of substituents while maintaining good binding affinity
at the adP2 subtype [112,118,119]. The 5-iodo derivative
(88) has been developed as a radioligand with exceptional
affinity for the adp2 nAChR and good selectivity (>5000
fold) for binding at this subtype compared to a3p4*, a7, and
the NMJ receptor [45]. Strongly electron-donating (89) and
electron-withdrawing (90) groups can be incorporated with
retention of good binding affinity. In contrast to the other
pyridine positions, steric effects of 5-substitucnts have little
impact on binding to the o4B2 receptor, and alkyl groups
larger than methyl (compare 91-94) actually result in
enhanced binding potency. On the other hand, thesc
substituents have a large impact on the ability of the ligand
to activate the ion channels. For instance, the ethyl analog
(92) is a partial agonist at both a:4B2 and 034 nAChRs, but
the n-propyl homolog (93) appears to function as an
antagonist at both receptor types {118). Likewise, a series of
aryl and heteroaryl substituents at the pyridine 5-position of
73 have been evaluated. These compounds (e.g., 95) retain
subnanomolar binding affinity at o4f2 nAChRs, but
function as potent antagonists of the c3f4* subtype (for 95,
ICso = 800 nM) [119]. Thus, it appears that this region of the
ligand is important for modulating functional activity, and
substitutions here may serve to distinguish different receptor
subtypes, as well as to differentiate features of the inactive
(desensitized, binding) state of the receptor from the
activated state. '

As for nicotine, the 3-pyridine attachment for 73 is
optimal. Connection at the 2- or 4-pyridine positions results
in a dramatic loss of affinity [120]. Among other bis(aza)-
aromatics, only 5-pyrimidiny! (96) approaches the activity of
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the 3-pyridiny! cthers. In the same vein, a serics of
substituted phenyl ethers have been studied. The meta fluoro
pheny! ether (98) is comparatively potent [121), and it has
been proposed that the fluorine atom might fulfiil the
hydrogen bond-acceptor role ascribed to the pyridine
nitrogen, albeit with diminished effectiveness.
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An extensive list of binding data for these pyridinyl
cthers has now been published [122]. Similar to nicotine,
substitutions on the pyrrolidine ring of 73 are generally not
well-tolerated. N-Alkyl groups larger than methy! lead to a
sharp attenuation of binding affinity, as does extension of the
cther link as in 99. A similar effect is seen in the thioether
100 (SIB-1553A) reported by SIBIA {67}, which binds with
relatively low affinity to 4B2 nAChRs. On the other hand,
SIB-1553A displays functional selectivity for P4-containing
subtypes, and has been shown to improve some attentional
deficits in rodents and primates, although these effects have
not been definitively linked to nAChR activity [123].
Nitrogen-linked pyridines analogous to 73 are generally
much less potent, and only the compound 101 with methyl
substitution at both the pyrolidine and linking nitrogens
approaches the binding affinity of nicotine (124). In distinct
contrast to the pyridy! ethers, it is the (R)-enantiomer 101
that is more potent in the amine-linked analogs. Moreover,
incorporation of 6-chloro substituion on the pyridine, and/or
ring contraction to the corresponding azetidine, both
modifications that enhance activity of the ethers, is highly
detrimental to activity of the amine-linked analogs. These
SAR differences suggest that, despite their structural
similarities, 73 and 101 may bind via significantly different
orientations at the nAChR.

Alternative arrangements of the pyridyl ether scaffold
have been developed, The 3-pyrroldinyloxy-3'-pyridyl ethers
{125-128] maintain the three-atom (CCO) tether between the
basic nitrogen and the pyridine ring, but allow less
conformational fexibility (fewer rotatable bonds) than
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pyridyl ethers like 73. Moderately potent ligands have been
developed, and some SAR is evident. For NH-pyrrolidines,
the (R)-stereochemistry at the cther junction appears to be
preferred (102 vs 104) [127], but the difference disappears
with N-methylation (103 vs 105) [120]. While larger N-alkyl
groups are not tolerated, the pyridine S-position can
accommodate sterically bulky groups [125-127). Ring
contraction to the azetidine abolishes nAChR activity, while
the corresponding piperidines are roughly equipotent to the
pyrrolidines [125]. Extension of the finker by insertion of a
methylene into the pyrrolidine-oxygen bond provides a
substantial boost in binding affinity {127]. Again, the (R)-
configuration is more potent, and better activity is found for
the non-methylated pyrrolidine analogs (106).
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Even the simplest version of the pyridyl ether motif can
provide moderately potent compounds {129,130). A methy!
branch alpha to the amino substituent improves binding
affinity, but larger groups are not tolerated. Nitrogen
substitution strongly influences potency in the order NH, >
NHMe > NMe,; for the NHMe compounds, appreciable
enantioselectivity in favor of the (R)-isomer is evident (107
vs 108) [129]. Substituent effects on the pyridine ring are
consistent with those described above for the azacycle
pyridyl ethers, with high-affinity binding achicved with
large S-substituents (109). Functional data for this scries
have not been reported.
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AZA-RING MODIFICATIONS

Azanicotine (110) [108] substitutes the basic amine of
nicotine with an amidine function, with resulting loss of the
stereogenic center. Azanicotine is much less potent than
nicotine, perhaps a consequence of conjugation that will tend
to favor a coplanar orientation of the rings. Insertion of a
methylenc linker (111) disrupts the conjugation, and restores
- nanomolar binding affinity. The change from 110 to 111 is
particularly dramatic when compared to the profound
attenuation of potency that accompanics the equivalent
modification of nicotine (cf. 71). As for nicotine,
demethylation of 111 (112) results in loss of potency [131].
A number of other linker modifications for azanicotine have
been cevaluated [131], including ethers, amines, alky! and
viny}, but all of these are inferior to 111,
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113 K1 =12

114 Keei= 13

Opening the ring of nicotine can be done in two distinct
ways, reflecting different connecting paths from pyridine to
the pyrrolidine nitrogen. Cleavage to maintain the short
connecting path (as in ‘a’) leads to aminomethylpyridines
like 113 [54,132], with a significant reduction in binding
affinity relative to nicotine. The related pyrolidine 114 is
nearly equipotent to 113, but other alkylation motifs are
decidedly less cffective. A recent evaluation of the effects of
pyridine substitution on activity of 113 compared to nicotine
(as well as the corresponding ether analogs like 107) reveals
differences between the series that suggest non-equivalent
binding modes for each {133].

The alternative ring-opening mode (‘b") of nicotine
results in a four-atom tether between amine and pyridine ~
the chemical manifestation {134] of this formal cleavage of
nicotine leads to frans-metanicotine (115, TC-2403), a
highly selective nAChR ligand [135]. Only slightly less
potent than nicotine at central @4f2 nAChRs, 115 has very
low. affinity for the a7 receptor, and is virtually devoid of
activity at peripheral (ganglionic (03B4*) and muscle)
subtypes. Metanicotine (115) exhibits cognitive improvement
in rodent models of working and reference memory [136)
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and is effective in various models of pain [137], with
improved threshold for side effects typical of nicotinc.

" Alkoxy substitution on the pyridine S-position (116)

enhances potency [138] and retains the subtype selectivity
[139), while modifications of the E-olefin as in 117-119
result in diminished binding affinity [140]. A shorter tether
[131] or other N-substitutions appear to be detrimental. A
methyl branch alpha to the amine can be tolerated — in the
case of 120, the (S)-configuration (shown) is 5-fold more
potent than the enantiomeric (R)-form [141].
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NEONICOTINOIDS

Owing to its toxicity toward a variety of agricultural
pests, nicotine has been used historically as a crop protectant
[142). Nicotine, however, is substantially more potent at
mammalian receptors than it is at the family of unique
nAChR subtypes that populate insect nervous systems.
Efforts to identify insect-selective agents that are safer and
more effective have led to development of so-called
neonicotinoids, exemplified by imidacloprid (121) (143},
which has low affinity at mammalian nAChRs, but is ncarly
1000-fold more potent than nicotine at insect receptors
{144]. Other neonicotinoid analogs involve replacement of
the nitroimine moicty of [21 by cyanoimine or
nitromethylene. A key feature conferring selectivity for
insect nAChRs is thought to be interaction of the
‘negatively-charged tip' (e.g., nitro or cyano group) with
positively-charged amino acids (arginine or lysine) in the
insect nAChR [145) that are absent in mammalian receptors.
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While detailed discussion of insect receptors is beyond
the scope of this review (for leading references, see [146]),
some neonicotinoid analogs exhibit activity at mammalian
receptors. For. example, 122, a minor metabolite of 121
lacking the nitro group {147}, is as potent as nicotine at the
rat adP2 receptor, with several hundred-fold lower affinity
to typical insect receptors [144). The effects of pyridine
substitution are similar to those for nicotine. Removal of
chlorine results in a small decrease in affinity [147], while
azide substitution is accommodated at the 5- (but not 4-)
position (data not shown) (144]. Interestingly, & 5-azido
substitution on imidacloprid actually enhances binding
affinity to the rat @42 receptor [148). Unsaturation in the
diaza-ring (123) is detrimental, but the sulfur analog 124 is
even more potent than nicotine [147). Curiously, while the
nitro group of 121 causes a dramatic attenuation of o042
activity, the nitromethylene analogs 125 and 126 are nearly
as potent as nicotine toward the high-affinity (o4 2) site in
the mammalian CNS ([149,150], while retaining potent
activity at insect receptors. .

DIAMINES

1, 1 - Dimethyl - 4 - phenylpiperizinium (127, DMPP)
represents an unusual pharmacophore for nAChR binding.
Although the quaternary ammonium functionality readily
mimics the positively charged center of acetylcholine or
protonated nicotine, a phenyl group is typically a poor subs-
titute for pyridine or acety! as the putative H-bond acceptar.
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133 R =3-pyridyl Ko =11
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127 X=H Ky =30
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Likewise, the aniline nitrogen of 127 seems ill-suited for
this purpose {13]. Nevertheless, DMPP is a relatively potent
agonist across a variety of neuronal nAChR subtypes (see
Table), and serves as a alternative scaffold on which to
construct nAChR ligands. A detailed SAR investigation of
substituted DMPP analogs has been reported [151]). meta-
Substituents, particularly those capable of forming a
hydrogen bond, enhance binding affinity (128-130), while
placement in the ortho- or para- positions is not nearly as
effective. An interesting feature of this series that sets it apart
from others discussed here is that only the quaternary salts,
with a permanent positive charge, exhibit potent nAChR
binding. The tertiary (M-methyl) and secondary (NH)
pipcrazines are typicaily at least 100-fold weaker. Since it is
unlikely that the quaternary compounds will distribute
effectively into the CNS, replacement of phenyl with better
H-bond acceptors was evaluated in order to identify
secondary and tertiary amines that might have improved
potency. N-Acetyl (131) and 2-pyridinyl (132) are not
effective, but 3- and 4-pyridinyl (133 and 134, respectively)
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substitution restores respectable binding affinity {44] for the
N-methyl derivatives. Ring expansion of the diamine to
homopiperazine results in a significant enhancement of
potency compared to piperazine for the NH analogs (152,
153), but the two series exhibit striking differences in the
effect of N-methylation on binding affinity [154). For the
piperazines, a modest increase in potency is achieved by
conversion of the NH analog 135 to the tertiary N-methyl
amine 136. A more significant boost in potency accompanies
the second methylation to the quaternary salt 137. In contrast,
it is the NH (non-methylated) homopiperazine 138 that has
the highest binding affinity, and mono (139) or dimethylation
(140) results in substantially weaker ligands. This differcnce
holds as well for other examples in the series [153], and
implies a change in the binding mode of the ‘cationic’
nitrogen between piperazine and homopiperazine triads.

N, = N, =~
. SN Tl N Ta
138 X = NH Koy =32 138 X=NH Ky4=15
136 X = NMe Ko =14 139 X oNMe  Keq = 220

137 X = N"Mez Kret =0.44 140 X =N"Mo, Ky =120

Interestingly, the bridged piperazines 141 and 144 display
a different trend, where the monomethyl amine is distinctly
less potent than the parent secondary amine, but activity is
restored by dimethylation to the quaternary salt [154].

X

P e
N X
N\r N\/
N N a

(o]
14l X=NH K =4l 144 X=NH Ky =8
142 X= NMe Kg=39 145 X = NMe Koy =60

143 X= N'Mg K =23 146 X = N"Me; K =5

The bridged piperazine DBO-83 (141) is a full agonist
with little selectivity between odp2 and o3B4* nAChRs
(ECso 24 and 12 uM, respectively) [155); the potent
analgesic activity of DBO-83 is clearly mediated by
activation of central nAChRs [156]. Likewise, analogs of
144 have shown good analgesic activity in the mouse hot
plate model [157]. Replacement of the pyridazine ring of 141
or 144 by 3-pyridinyl (but not 2-pyridinyl) affords even
more potent compounds (147). The 2,5-diazabicycloheptane
analogs are chiral, and the (R R)-enantiomess (¢.g., 149) are
typically more potent at a4fi2 receptors than the (5.5)-
isomers (148) [157). 5-Aryloxy analogs of 148 have been
disclosed as potent «dfi2 ligands [i58], and 6-aryl
derivatives are reported to be potent a7 compounds [159].
Related bridged bicyclic diamines also serve as useful
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scaffolds for construction of potent .nAChR ligands

[157,160,161).
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Disconnection of the aza-bridge in 148 affords
aminopyrrolidines like 150-152 [162), while fused diamines
like 153-154 result from a forma! reattachment process
[163]. Both series provide potent nAChR ligands that are
effective analgesic agents in the mouse hot plate assay,
suggesting that these compounds activate central nAChRs.
The series 150-152 illustrates the trend, observed for the
bridged diamines, that increased substitution at the basic
nitrogen center causes attenuation of binding affinity. When
the N-alky! group of 151 is tied back as in 153, potency is
improved. Morcover, ring contraction to the azetidine (154)
results in a boost in potency, reminiscent of the pyridyl
cthers described above.

H
Qn "
'RIN"" N N
\(j\ " \[j
o =
N Cl N cl
150 NH; Ko =02 153 n=2 Kg= 1
151 NHMc K= 5.5 154 n= ) Kea = 0.2
152 NMez Kot = 100

Electronic conjugation in the nitrogen-linked aryl deri-
vatives should favor a coplanar, sp’-hybridized arrangement
(154}, and in some cases the isosteric replacement of the
nitrogen link with a vinylic carbon is effective. Although the
piperazine acetamide (131) is a poor ligand for the o4B2
nAChR, the sp’-carbon linked analog iscarecolone (155)

- seemg to have much greater affinity for CNS receptors [164-
166]°. Modest cnhancement of nAChR potency is achieved
in the ethyl and propyny! ketones (156-157); the isomeric
arecolones (159-161) exhibit somewhat higher activity at
nAChRs [164]. Interestingly, while all of the ketones (156-
161) are selective for interaction with nicotinic versus
muscarinic receptors, the ester arecoline (162) has the
opposite sclectivity. MN-Dimethyl quaternary analogs of

! The reponied potencica of isosrccolone range from 6 [164], 47 [165), and 250-fold
{166} less potent than nicotine, Since most of the availoble SAR is bosed on the K=
6, that value is used here.
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isoarecolone are potent activators of the NMJ receptors
{167}, and also more potent at the c4f32 nAChR [165).
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In contrast to 155, aryl-substituted analogs are less potent
than the corresponding piperazines. Thus, the quaternary salt
of MTPT (163) binds to the a4f2 nAChR with 3-fold lower
affinity than DMPP (127), and the 3-pyridyl versions (164
and 165) arc likewise less potent than the piperazine analog
(128) {151]. In fact, therc is little difference in binding
affinity between the olefinic compounds (163-165) and their
saturated counterparts, suggesting that hybridization/
conjugation at the point of ring attachment is not important
for these. Isoxazolyl analogs of arecolone have been reported
{168], and rather strict boundaries are evident in the SAR.
The N-propylaminoisoxazole 166 is most potent at nAChRs,
and also exhibits highest selectivity versus muscarinic
receptors. Nicotinic potency and selectivity are much
reduced in the dealkylated version 167.

EPIBATIDINE SAR

Interest in targeting neuronal nAChRs for the
development of novel analgesic compounds has been largely
fueled in the last decade by the characterization of the
exceptionally potent frog toxin cpibatidine (168) [169]. This
toxic alkaloid, which is 200-fold more potent than morphine
at producing analgesia in mice, is the most potent naturally
occurring nicotinic agonist isolated to date. Epibatidine
activates numerous nAChR subtypes and exhibits efficacy in
many pharmacological and behavioral assays at potencics
several hundred-fold greater than that of (-)-nicotine [170].
Unfortunately, this lack of nicotinic receptor subtype
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selectivity is ultimately manifested in an cxtremely poor
therapeutic index, which prohibits the development of
epibatidine as a broad-spectum analgesic agent. The
successful discovery and development of any . nicotinic-
mediated analgesic compound will likely need to surmount
these selectivity hurdles. The unverified assumption is that
subtype-selective compounds, particularly those that
selectively activate o4f2 nAChRs, might retain the
beneficial analgesic properties displayed by epibatidine
without the accompanying toxicity due to activation of
peripheral ganglionic and neuromuscular nAChRs. In spite
of its inherent lack of selectivity, epibatidine has served as a
structural template in the design of many new nicotinic
ligands since Daly and coworkers reported its structure and
incredibly potent biological activity in 1992 [169].

The cnantiomers of epibatidine (168 and 169) have
essentially equivalent biological activity with respect to their
binding, functional and in vivo profiles [171]). The exo-
orientation of the chloropyridine -substituent is critically
important for biological potency as the endo-diastereomer
170 binds with 180-fold lower affinity than 168 {172] and
lacks analgesic activity even al relatively high doses [173).
Despite the fact that equivalent picomolar binding affinity is
retained in both of the N-methy! epibatidine enantiomers 171
(171,174), the (-)-N-methyl isomer is approximately 10- to
30-fold more potent than its (+)-antipode at activating rat
0dp2, o3p4 and a7 nAChRs [175]). This illustrates the
unpredictability frequently associated with relating binding
affinities and functional potencies. Larger N-substituents
significantly decrease activity as exemplified by the binding
affinity of the racemic N-cthyl derivative 172, which is
several hundred-fold weaker than epibatidine [174].
Nicotinic activity is essentially abolished in the N-acetyl
epibatidine 173, which underscores the requirement of a
" basic nitrogen in the azanorbornane framework [173].

. H N
H ‘ ’N l Cl - (o]
X N
H H
168 (-)-opibati dine 1 69 (+)-cpibatidine
(natusal-isomer) Ky ~0.04
Kret ~0.04
H
N
H
R N_ _Cl
N N
I Y
N/
a H
170 do-cpi bati di 171 R=Mec
X I(:);n fo-cpibatidine 172 R Bt
" 173 R= Ac

MODIFICATIONS OF 7-AZANORBORNANE RING
SYSTEM

Numerous cpibatidine analogs have been prepared in
which the rigid 7-azabicyclo[2.2.1]heptane scaffold has been
modified. The tropane-derived homocpibatidine derivative

Bunneile et al

174, in which the two-carbon bridge has bcen enlarged by
one insertion of a methylene unit, cxhibits subnanomolar
binding affinity [176,177], and clicits an analggsic response
in the mouse hot-plate assay at doses only 4-fold higher than
that of (%)-168 [178]. Although little enantioselectivity is
observed with respect to binding, (+)-homoepibatidine 174
was significantly more active than (-)-174 in functional
assays with @42 and o334 nAChRs, exhibiting potency and
efficacy similar to that of epibatidine [179]. However, like
epibatidine, (+)-homoepibatidine 174 docs not discriminate
between 042 or 3P4 receptors, and therefore, it is predicted
that this compound may not have the requisite safety
window needed for its advancement as a therapeutically
useful analgesic. The N-methyl and N-isopropyl analogs of
174 are also active in the mouse hot plate (no in vitro data
published), although the N-isopropyl derivative is much less
potent {178]. The tropanone compound 175, however, does
not produce any antinociceptive activity. Expansion of the
ethano bridge of epibatidine to four-carbons affords compound
176, which has binding affinity similar to nicotine {176].

. “ /N | a o u /N l Cl
Ub(u \
H H
178

(#)174 Ky =023
(3-174 Ky=0.13
(V174 K.q=0.35

H _N T
J
H
176 Ky =13

Expansion of the bridge containing the pendant chloro-
pyridine substituent of epibatidine has also been cxplored.
Compounds 177 and 178, preparcd in enantiomerically pure
form from cocaine, cxhibit wcak binding, affinity for
Torpedo receptors and are 30- to 100-fold less potent than
epibatidine at stimulating rat mean anterial blood pressure
[180]. No data have been reported for the activity of 177 or
178 at a4P2 or a7 nAChRs. The symmetrical azabicyclo-
{3.2.1Jcctane 179 is an interesting hybrid between
epibatidine and analogs in the 3,8-diazabicyclo[3.2.1]octane
series (exemplified by 147), but no biological data have been
reported for this compound [181,182]. The 9-azabicyclo-
{3.3.1]nonane analog 180 has also been claimed in 2 patent
application filed by Neuroscarch {183].

Another simple structural modification of the aza-
skeleton of epibatidine involves translocation of the apical
ring nitrogen from the 7- to the 2-position of the rigid
bicyclo[2.2.1}heptane framework. The endo-substituted
compounds 181 and 182 are structurally similar to epibatidine
and possess binding affinity for a4P2 and a7 nAChRs that is
comparable 1o that observed for the frog toxin [76,177]. The
enantiomers of 181 have been resolved and prcliminary
electrophysiological studies indicate that the (+)-cnantiomer
is much morc active than the (-)-antipode [184). Racemic
181 is nearly equipotent and as cfficacious as epibatidine in
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V77 Cl

H \N/Cl \ /~c

179 180

the mouse hot-plate assay, but like epibatidine, this 2-aza
analog is also very toxic and causes overt side effects such as
seizures at doses only slightly higher than those that induce
antinociceptive responses [185]. Meanwhile, the exo-
substituted 2-azabicycloheptancs, 183 and 184, are much
less potent analogs and cxhibit affinity that is comparable to
the structurally related endo-epimer of epibatidine (170).
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Expansion of the aza-bridge of cpibatidine by insertion of
a methylene group affords homoepibatidine analogs 185 and
186 in which the chloropyridine substituent is either
proximal or distal to the nitrogen atom {186,187].
Isoquinuclidines 185 and 186 both possess subnanomolar
affinity for a4B2 nAChRs, and produce analgesia in the
mouse tail-flick assay, although significant potency
differences were noted. The proximal analog 185 is
efficacious at doses only 4-fold higher than (-)-168, whereas
the distal derivative 186 is 140-fold less potent. The in vivo
effcets of 185 were partially blocked by pretreatment with
the nicotinic antagonist mecamylamine, but opioid and
muscarinic antagonists had no effect. Unfortunately, both
185 and 186 cxhibit marked side effects that were
concomitant with the observed analgesic activity.
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Replacement of the methano-bridge of the 2-azanor-
bomane series (181-184) with a zero-atom bridge affords
fused azabicyclo[2.2.0}hexane analogs (187-189). The endo-
derivatives, 187 and 188, exhibit low nanomolar binding
affinity and the exo-substituted compound 189 is 10-fold
weaker [188]. Both proximal isomers were only partial
agonists at ganglionic-like a3B4* receptors expressed in
IMR-32 cells, whereas 188 was more cfficacious. However,
the 5-endo isomer 188 failed to produce an analgesic response
in the mouse hot-plate assay at relatively high doses.
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Unsaturated analogs of 179 and 180 have been prepared,

cxemplified by compounds 190-196, and are reasonably .

potent nicotinic ligands [152,189,190]. Compounds 190 and
193 exhibit potent binding affinity with ICso, only 4.5- and
3-fold less potent than A-85380 [152], which has affinity for
@4B2 nAChRs similar to epibatidine [110]. The N-methyl
(191 and 194) and N-benzyl (192) derivatives are only 3-to
4-fold weaker than the corresponding secondary amines
{181,183]. Chloropyridine analogs 195 and 196 also show
good binding affinity for adf2 receptors {189] and both
compounds elicit analgesic responses in the mouse hot-plate
and acetic acid-induced writhing assays [190], although
overt toxicity and was also noted.

SUBSTITUTED-PYRIDINE ANALOGS OF EPIBAT-
IDINE

Numerous substituted-pyridine analogs of cpibatidine
have been synthesized, and several retain the exquisite
binding affinity for 042 receptors displayed by the natural
product. Included among these are racemic compounds 197-
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200, in which the chloro substituent has been replaced with a
hydrogen, fluorine, bromine, or iodine, respectively [174,
191,192]. The binding affinity of the amino-substituted
analog 201 is similar to that of nicotine, whereas compounds
202-204 have much lower affinity. The N-methyl derivatives
of 198 and 199 also possess picomolar affinity [174].

Subtype selectivity has also been assessed (for rat a2p2,
o2B4, 03B2, 3P4, adf2, and 0d4P4 nAChRs expressed in
oocytes) in this series, and compounds generally display
higher binding affinities for B2-containing receptors over 34-
containing receptors {193}. Deschloro-epibatidine (197) and
the fluoro-substituted analog (198) were particularly
impressive in this regard and exhibit several hundred- to
several thousand-fold selectivity for the P2-containing
receptors. Unfortunately, the intriguing level of selectivity
that was noted in the equilibrium binding assays was not
achieved in the corresponding functional assays. For
example, although 198 displays >200-fold higher affinity for
adP2 over a3B4 receptors in the competitive binding
experiments, nearly identical potency and efficacy are
observed in the activation of the a4fp2 and a3p4 receptor
subtypes.

A similar lack of correlation between ligand binding
affinity and functional activity has been observed between
epibatidine and deschloro derivative 197 [179]. Removal of
the chloro-substituent of epibatidine does not influence
affinity for 042 as 168 and 197 have equivalent binding
potency. However, a dramatic reduction in a4f2 functional
activity is manifcsted. Moreover, this reduced agonist
activity at 42 receptors was more pronounced for the (-)-
cnantiomer of 197. In this instance, the decreased functional
activity of 197 appears to translate into decreased analgesic
activity [ 194]. The results from these investigations cxemplify
the disparitics commonly observed between binding affinitics
and functional patencics for receptor activation.

Bunnelle et al
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Introduction of a 5-phenyl group into epibatidine (205)
does not alter @432 binding affinity [192]. However, the in
vivo potency of 205 is decreased 100-fold relative to 168 in
mouse models of analgesia. The enantiomers of the -
phenyl-6-fluoro analog 206 exhibit equivalent binding
affinity, which is approximately 10-fold weaker than 168
[192). The S-phenyl-6-amino derivative 207 also has
subnanomolar binding affinity, but the 5-phenyl-6-dimethyl-
amino compound 208 is much weaker. Of particular interest
is the ability of 206 to block the antinociceptive effects of
nicotine in the mouse tail-flick and hot-plate as§ays, with the
(-)-enantiomer of 206 being significantly more potent. A
selective 0432 nAChR antagonist that penetrates the blood-
brain barrier would be an extremely useful pharmacological
tool. Whether or not compound 206 is a selective adf2
nAChR antagonist remains to be ascertained.

208 R=CQ K, =002
206 R=F Ky =025
207 R=NH; Kpi=033

208 R=NMc, Kq =58

3-PYRIDINE REPLACEMENTS

The functional activity of 2-pyridyl (209) and 4-pyridy)
(210) analogs of deschloroepibatidine (197), and the exo-
phenyl-substituted 7-azanortbornane compound 211 have
been explored in 04p2, a3p4, and o7 nAChRs (no binding
data reported) [179]. 04P2 activity is essentially abolished in
all three derivatives indicating that a 3-pyridyl-linked
heterocycle is optimal for achieving good functional activity
at this subtype. The cnantiomers of 209 differentially
modulate the activity of a7 receptors. The (+)-2-pyridyl
enantiomer is a partial agonist (80% efficacy vs acetyl-
choline), in contrast to the (-)-enantiomer of 209, which
blocks the response of acetylcholine at a7 nAChRs
[179,195). Both 210 and 211 clicit significant inward
currents in oocytes expressing 3P4 receptors.
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4-Pyridazines have been examined as bioisosteric replace-
ments for the chloropyridine substituent of epibatidine (196).
The unsubstituted 4-pyridazinyl analog 212 and its N-methy!
derivative 213 arc morc potent than nicotine, but somewhat
weaker than epibatidine at activating rat a4f2, o384, o7 and
al receptors cxpressed in Xemopus oocytes. The ethyl
carbamate 214 and the 3,6-bistrifluoromethyl-substituted
pyridazine 215 f(ail to show any agonist activity. Pyridazines
212 and 213 show modest levels of functional selectivity
between a4B2 and o3P4 receptor subtypes, 8- and 25-fold,
respectively, which is an improvement over the nonselective
ligand epibatidine.
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212 R=H 218
X 213 R~ Mc
214 R = CO4Et

A variety of aryl groups have been utilized as potential
bioisosteres for the chloropyridine substituent of epibatidine
as illustrated by compounds 216-221. These isosteric replace-
ments provide analogs having a wide range of binding
affinities, all less potent than epibatidine. The 5-pyrimidinyl
derivative 216 and the 2-amino analog 217 have subnanomolar
binding affinity, whercas dimethylaniline 218 and the 4-
isoquinolinyl compound 219 are less active (100- and 300-
foid less potent than 168, respectively). Meanwhile, the 2-
thiazole and 4-pyrazolc arc poor surrogates for the
chloropyridine group since 220 and 221 possess only
micromolar binding affinity [197).
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Based on the precedent of ABT-418 relative to (5)-
nicotine, substituted isoxazoles have been utilized as bioiso-
steric replacements for the chloropyridyl ring of epibatidine.
Isoxazole 222, termed (£)-epiboxidine by Daly and coworkers,
is approximately 10-fold less potent than epibatidine with
respect to @df2 receptor binding affinity and a similar
reduction in potency was noted in the mouse hot plate assay
[198). The unsubtituted isoxazole 223 binds with 3-fold
weaker affinity relative to 222, whereas the phenyl-
substituted analog 224 is 110-fold less potent [199). Another
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isoxazole derivative 225 (K; = 80 nM, no data reported for
standard nicotinic ligands), recently described by Targacept
scientists, contains an olefinic linker between the aromatic
heterocycle and the azanorbornane skeleton {200].
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H -N
N 0 A
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224 KH-GS 225

The 1,2,4-oxadiazole analogs 226 and 227 produce
potent antinociception in the mouse tail-flick assay, but this
effect has been shown to be mediated by activation of
muscarinic M, receptors and not nAChRs [194,201). /n vitro
data have not been published for these derivatives, although
the (+)-N-methy! enantiomer of oxadiazole 226 reportedly
diplaces [*H)-cytisine from rat brain preparations with a K; =

'1,400 nM [194]. Thus a complete change in pharmacology

from nicotinic to muscarinic was realized between isoxazole
222 and oxadiazole 226, by simply replacing CH with N in

the isoxazole heterocycle.
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A series of endo- and exo-pyridyl ether analogs of
epibatidine, compounds 228-232, has been synthesized and
0AP2 receptor binding affinity has been evaluated [202]. The
most potent ligand, exo-chloropyridy! ether 229, has >5,000-
fold weaker binding affinity for c4f2 nAChRs than
epibatidine. The 2-pyridyl analog 230 exhibits binding potency
similar to the 3-pyridyl derivative 228. The endo-substituted
analogs 231 and 232 are somewhat Iess potent. In this series,
the pyridinyloxymethy! substituent i3 clearly not a2 good
bioisosteric replacement for the chloropyridine heterocycle
of epibatidine. The weak activity of these epibatidine pyridy!
ethers stands in stark contrast to many incredibly potent and
efficacious pyridy! ether ligands, such as A-85380 (78) and
ABT-594 (87). Another striking example is illustrated by
removal of the ethano-bridge of 229, which affords the
isonicotine pyridyl ether analog 233, which has picomolar
affinity comparable to cpibatidine [127].

A recent Targacept patent application has highlighted
potential nicotinic ligands in which the aromatic heterocycle
is linked to the azabicyclic system through an alkylene or
alkylidene unit (203). Compounds 234-236 are examples of
3-pyridy] alkylene bridged 7-azanorbornane analogs that are
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specifically claimed. The saturated pyridylmethyl homoepi-
batidine analog 234 reportedly has moderate binding affinity
for central nicotinic receptors (K; = 43 nM, no binding data
provided for any standard nicotinic ligands).
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CONFORMATIONALLY CONSTRAINED EPIBATI-
DINE ANALOGS

Two conformationally locked analogs of epibatidine have
been synthesized (204). The structures of 237 and 238 are
comparable to the two low energy conformations of
epibatidine that differ by roughly 180° in the rotation of the
chloropyridine substituent. Although no numerical data were
reported, these compounds apparently failed to show high
affinity for 42 nicotinic receptors..

Bunnelle et al
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A series of N-arylalkyl-substituted - 7-azabicyclo
[2.2.1]heptancs have been evaluated as potential nicotinic
ligands [205). The methylene-linked 3-pyridyl analogs 239
and 240 are the most potent analogs in the series,
approximately 12- and 31-fold wcaker than (-)-nicotine,
respectively, and equipotent to the structurally related

- pyrrolidine 114, A significant reduction in activity was noted

with the 2- or 4-pyridy] analogs. Likewise, homologation of
the methylene linker 10 ethyl (241) or a-propyl (242) causes
a decrease in binding affinity relative to 239. Removal of the
linker and direct attachment of the 3-pyridy! heterocycle to
the 7-azanorbomane nitrogen affords analog 243, which fails
10 show any detectable interaction with 432 receptors. Both
239 and 240 produce dose-dependent analgesia upon
subcutaneous administration in the tail-flick and hot-plate
assays, but fatal seizures are obscrved at doses only slightly
above those required for antinociception.

As illustrated by the discussion above, many alterations
of the 7-azabicyclo[2.2.1]heptane skeleton or modifications
of the chloropyridine heterocycle of epibatidine afford
compounds that possess potent adf2 receptor binding
affinity, and several of these derivatives induce antinoci-
ceptive responses in rodent models of pain. However, it is
unfortunate that the in vivo profiles of these potent
epibatidine analogs generally appear to mimic the natural
product in that significant toxicity is observed at or just
above analgesic doses. It is interesting to note that although
the enantiomers of cpibatidine are equally active with respect
to nicotinic receptor binding and function, some simple
modifications of the 7-azanorbornane core provide analogs,
such as homoepibatidine 171 and 2-azaepibatidine 181, that
display significant levels of enantioselectivity. The scarch
for analogs of epibatidine that possess high levels of receptor
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subtype selectivity, particularly for activation of 4p2 over
ganglionic reccptors, and ultimately have good in vivo
activity with a large safety window is ongoing.

ANATOXIN AND RELATED ANALOGS

(+)-Anatoxin-a (244), originally described as the very"

fast death factor (VFDF), is a potent nicotinic agonist
isolated from specific strains of freshwater blue-green algae
[206). Ingestion of the neurotoxin by livestock, waterfowl,
and other wildlife species can ultimately result in death due
to potent muscle depolarization and subsequent respiratory
paralysis. (+)-Anatoxin-a is generally 10- to 50-fold more
potent than (-)-nicotine in a varicty of assays assessing
function at neuromuscular, peripheral, and central (¢4p2 and
o7) nicotinic receptors [207-209). A fairly wide range of
values has been reported for the binding affinity of 244 to
@42 nAChRs [210,211]. In our unpublished binding swudies
on the fumarate salt of (+)-anatoxin-a, we¢ determined a K; of
0.31 nM fc{ displacement of [*H]-cytisine from rat brain
membranes.” It is interesting to note that unlike most of the
highest affinity nicotinic ligands, which contain a 3-
pyridyl heterocycle as a critical structural component (i.e.
epibatidine and A-85380), anatoxin-a simply posscsses a
methyl ketone substituent.

Several structure activity studies of anatoxin-a have been
reported, although, until the discovery of UB-165 (vide
infra), none of these investigations provided analogs that
were more active than the natural product. The natural (+)-
enantiomer of anatoxin-a (244) is significantly more active
than the (-)-antipode (82), as demonstrated by its >1,000-fold
higher affinity for rat brain «4p2 and >200-fold potency at
a7 receptors [211]. N-Methylation (245) results in a >700-
fold decrease in 04P2 binding affinity, while reduction of the
olefin (246) only diminishes potency 10-fold relative to 244
[212]. Homologation of the ketone alkyl group from methy}
to ethyl, n-propyl, or isopropyl provides derivatives with

comparable activity, although the n-propyl analog has 20-.

fold higher affinity than 244 for o7 receptors [211). Other
modifications of the methyl ketone functionality, such as
replacement with a carboxylic acid, ester, amide, aldehyde,
oroxime, lead t0 a decrease in potency relative to anatoxin-a
[212). A constrained analog has been synthesized in an
attempt to mimic the presumed bioactive conformer of
anatoxin-a {213]. The fused s-trans analog 247 exhibits
approximately 10-fold weaker a4 B2 affinity than 244 [3}.
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244 (+)onxoxin-n
(natural isomer)
Koy #0.31

246 @42 Kgy = 360

245 radP2 K, 4 = 230

247 P2 K= 4.6

? Dan, M. 1.; Anderson, D. J. Unpublished observation.
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UB-165 (248) is a novel, rationally designed hybrid of
the exceptionally potent nicotinic ligands anatoxin-a and
epibatidine, in which the methyl ketone functionality of
anatoxin-a has been replaced with a chloropyridine
substituent that is present in epibatidine [214]. It possesses
affinity for &4B2, a7, and a3B4 binding sites that is
intermediatc between the values of the parent molecules
[215,216]. UB-165 has been reported to displace ()-P’H)-
nicotine and (£)-[*H)-epibatidine binding from rat brain
preparations with K; values 0.17 nM [214] and 0.04 nM
[216], respectively. The absolute configuration of UB-165
corresponds to that of natural (+)-anatoxin-a and, like
anatoxin-a, a high degree of enantioselectivity is observed

with respect to affinity for @42 receptors (UB-165 is at-

least 20-fold more potent than its enantiomer) {214]. This
compound fully activates a varicty of nicotinic receptors,
including the a7, a3p4, a3pB2, and cdf4 subtypes, but is
only a very weak partial agonist at a4p2 nAChRs [217].

Cl
« X
N ~—
N\
248 UB-165

Deschloro-UB-165 (249) retains the potent 4f32 binding
affinity of 248, but exhibits a >10-fold increase in binding
potency relative to UB-165 at o7 receptors {215,216].
However, a4B2 binding affinity is diminished by several
orders of magnitude in the 2-pyridyl (250), 4-pyridyl (251)
[215] and phenyl (252) (218] analogs, demonstrating the
importance of the 3-pyridyl nitrogen that is gencrally
required for potent nicotinic activity. Several diazine
derivatives have also been synthesized. The 5-pyrimidine
253 and 3-pyridazine 254 analogs arc approximately 10-fold
less potent than 248 with respect to o4f32 affinity. In
addition, 254 cxhibits particularly high binding to «7
receptors that is comparable to epibatidine and deschloro-
UB-165 [215}. The 4-pyridazine and 2-pyrazine heterocycles
proved to be poor biosisosteres for the 3-pyridyl substituent
of UB-165, since the binding affinity of 255 and 256 for
a4P2 receptors was reduced several hundred-fold [215,216).

The natural product (+)-ferruginine is a potent plant-
derived ncurotoxin {219,220}, Its (-)-enantiomer 257, which
is readily prepared from (-)-cocaine, has been shown to have
some agonist activity at nicotinic receptors. Ferruginine and
anatoxin-a are structurally related as removal of a methylene
unit from the 9-azabicyclo[4.2.1]nonene skeleton of (+)-
anatoxin-a (244) affords the wopene derivative (-)-
norferruginine (258). (-)-Ferruginine (257) and its desmethyl
analog 258 are relatively weak ligands having approximately
100-fold reduced affinity for adf2 receptors relative to (-)-
nicotine (221}. Several diazine-containing bioisosteres of (-)-
ferruginine have been prepared, but only the S-pyrimidine
259 has good odP2 affinity[221). The methyl ester of (-)-
ferruginine, a tropane derivative known as anhydroccgonine
(260) that has comparable adf32 affinity to 257 (222, is the
major pyrolysis product formed by elimination of benzoic



318 Current Topics in Medicinal Chemistry, 2004, Vol 4, No. 3

Bunnelle et al

N
H 4 \N H 7\ H 7\ H
N — N -~ N - N
\\ \ N\ N
249 dcs-Cl UB-165 251
N N
7 \\\ H / 1\
N
253 258
acid from (-)-cocaine while free base smoking [223]. In
direct analogy with UB-165, it would be of interest to Ne s H
evaluate the nicotinic activity of ferruginine analogs having a = N
3-pyridyl bioisosteric substituent in place of the acyl moiety. T o N =N L&““
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1 NOVO NORDISK QUINUCLIDINES AND RELATED
COMPOUNDS
- o - Novo Nordisk has actively pursued several series of 1-
ig; E_xc }’((1:':]'14; 259 Kpey =44 azabicyclic compounds linked to an aromatic heterocycle
: through an alkylidine bridge, which arc exemplified by the
M: o (isoxazole)methylene quinuclidines 264-270 {225-227). In
N the (2)-olefinic series, only small substituents, such as
OMe hydrogen (264) or methyl (265), are readily accommodated
1 on the isoxazole heterocycle, and compounds with larger
substituents (266) display a marked decrease in affinity. The
) (2)-isomers are much more potent than the corresponding
260 (-)-enhydroccgonine (E)-analogs (compare 265 and 267) in this quinuclidine

Pyrido[3,4-b}homotropane (PHT, 57) represents a
conformationally restricted structural hybrid of nomicotine
(3) and anatoxin-a (244). The analogous conformationally
constrained bioisosteric variant of ferruginine has also been
synthesized (261) [94], but no biological data have been
reported. Several novel diazine analogs of PHT and 261 have
recently been evaluated for their binding to @42 nAChRs
and the most potent derivatives, 262 and 263, interact with
only moderate affinity {224).

series. Replacement of the methy! substituent of (E)-isomer
267 with larger groups such as ethyl, propyl or
methoxymethyl affords analogs with 1Cse vaiues >1,000 nM
[226). The 4-methylisoxazolyl derivative 268 exhibits
high affinity that is comparable to the 3-methyl isomer
265. Substitution of the methylidine bridge with methyl
(269) or fluoro (270) results in significantly decreased
binding potency.

A related series described by Koh and coworkers contains |
substituted  3-(3-phenylisoxazolyl)methylenc-quinuclidines,
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in which the nicotinic or muscarinic pharmacology of these
ligands is largely dependent upon the phenyl ring substituents
[228]. Although binding affinities were generally low, in
gencral, small polar substituents, such as hydroxy and
amino, tended to favor binding to a4f2 nAChRs, while large
hydrophobic groups favored binding to M, muscarinic
receptors. The most potent nicotinic ligand was the catechol
derivative 271, which has 40-fold reduced affinity relative
to 265.

Modifications of the quinuclidine ring to the 1-azabicyclo
[2.2.1]heptane and !-azabicyclo[3.2.1]octane skeletons have
also been reported [225,226]. With these two azabicyclo-
alkane scaffolds, olefin geometry does not appear to play a
major role in determining binding potency (compare 272/274
and 273/275), in contrast 1o the corresponding quinuclidines
(265/267). The 4-methylisoxazole 276 is the most potent
derivative analyzed and possesses extremely high binding
affinity that is equivalent to epibatidine and 10-fold more
potent than quinuclidine 268,
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M2 =1 Ky=44
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The 3-pyridyl heterocycle and  methylisoxazole
substituent are known bioisosteres with respect to nicotinic

Current Toples in Medicinal Chemistry, 2004, Vol. 4, No.3 319

activity [79,198), and this trend is preserved in the
methylidine 1-azabicycloalkane series (227]. The most active
3-pyridyl derivative is quinuclidine 277, which is equipotent
with isoxazole analogs 264 and 265. The corresponding (£)-

. isomer (279) has 33-fold lower affinity. The 2- and 4-pyridyl

analogs possessed ICso values of >1,000 nM. The (Z)- and
(E)-isomeric azabicyclo[3.2.1]Joctane derivatives 278 and
280 displayed roughly equal affinity which was >12-fold less
potent than 277. A dramatic reduction in binding affinity
(85-fold) was noted upon replacement of the 3-pyridyl
substituent of 277 with a 2-pyrazinyl heterocycle to give
281. Likewise, addition of a mitrogen to isoxazole 265 to
provide 3-methyl{},2,4]oxadiazole 282 also resulted in
diminished binding potency. A further decrease in binding
affinity was noted upon extension of the oxadiazole methy!
substituent to ethyl (283). -

Small acyl substituents serve as useful bioisosteric
replacements for the 3-pyridyl or mcthylisoxazole substituents
in the methylidine-linked quinuclidine serics. The o, f-unsatu-
rated methyl and ethyl ketones 284 and 285 maintain good
binding affinity, which decreases roughly 8-fold in the n-
propy! derivative 286, Meanwhile, the ethyl ester 287 is much
Jess potent, The two ketone derivatives in the 1-azanorbornanc
series, 288 and 289, are somewhat weaker than quinuclidines
284 and 285, but exhibit comparable binding affinity to their
corresponding isoxazole counterpart 272.

Removal of an cthano bridge from quinuclidine 265
affords piperidine 290, which interacts with a4p2 receptors
with 200-fold lower affinity. The N-methy! analog 291 is

significantly weaker than 290. The pyrrolidine, azetidine and -

{E)-otefinic piperidine analogs of 290 all have ICsg values of
>1,000 nM. The 3-pyridy] derivativse 292 and 293 are
approximately 100-fold less active than quinuclidine 277.

CYTISINE SAR

(-)-Cytisine (294) is a toxic alkaloid found in many plants
or sceds of the Leguminosae family. Its peripheral actions
were described over 90 years ago as being indistinguishable
from nicotine [229], although cytisine is a more potent

- H

279n=1 K= 10
W0n=2 Ky=36

z%

MWn=1 Ky =03
MBa=2 K, <53

Kt
284 R =Me 20
285 R =Et 1.8
286 R =aPr 16

287 R = 0QE( 74

ey

288 R =Me Kmi=6.8
289 R<Et Ky =12

H
N
[%?‘“

282 R= Me Ky = 14

181 (2) K g= 26
183R=Et K =89

o]




320 Current Topies in Medicinal Chemistry, 2004, Vol. 4, No. 3

H
H
-
! / Mc I \\
N P
|
R N N
290 R=H Ky =112 292 Kyi= 34

291 R =Me Kep1>1000

=~

N
H

293 Ky = 24

ganglionic stimulant [230}. The main structural features of
294 include a bispidine skeleton fused to a 2-pyrididone
heterocycle. (-)-Cytisine displays potent subnanomolar
affinity for @42 receptors [231-233), but is a poor agonist
with only weak efficacy at this subtype [41,234). Structure
activity studies have concentrated on substitution of the
secondary amine and halogenation of the pyridone ring.

N-Methy! cytisine (cauliphylline, 295) has 50-fold lower
affinity for 042 receptors than cytisine, but cauliphylline
methiodide (296) retains subnanomolar affinity ({235].
Numerous cytisine analogs possesing a variety of N-
substituents have been evaluated (i.e 297-301), but all are
significantly less active than the parent {236,237]. Analogs
with relatively small N-alkyl substituents (297-299) are
roughly 20- to 100-fold less potent, whereas, compounds
with larger substituents, such as the fluorobenzyl derivative
300, cxhibit a further reduction in binding affinity. Ethyl
carbamate 301 also has low binding affinity, again demons-
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trating the requirement of a basic amine functionality for a
nicotinic ligand to have potent activity. A couple of interesting
dimeric compounds, joined by linkage of two cytisine
molecules through an ethyl or propyl chain (302 and 303),
have similar affinity as some of the M-alkyl cytisine analogs.

Halogenation of the pyridone ring of (-)-cytisine provides
a series of analogs with generally high a4(32 binding affinity
{234,235]). The 3-halo derivatives (304-312) are particulary
potent and have binding affinity roughly equivalent to
epibatidine. Like (-)-cytisine, the 3-bromo analog 305 is a
full agonist at recombinant human a7 nAChRs (40-fold
more potent than 294) and only a partial agonist at a4f2 and
a4f4 receptors [234). Interestingly, both 305 and (-)-cytisine
appear to functionally discriminate between two apparently
distinct receptor subform populations each of a4f2 [238-
241} and 04p4. Meanwhile, the 5-bromo and 3,5-dibromo
cytisine analogs 308 and 311 are only partial agonists at o7
and 04P4 nAChRs and fail to elicit inward currents in
oocytes expressing o432 receptors. Disparate binding values

-have been reported for the 3,5-dibrome compound 311. In

one report, 311 has 90-fold weaker a4f32 binding affinity
relative to 294 [235), whereas a 2.5-fold increased binding
potency compared to (-)-cytisine was determined in another
investigation {234). Replacement of the lactam carbonyl
oxygen of 294 with a sulfur affords thiocytisine 313, which
binds with 7-fold weaker affinity than (-)-cytisine.
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LOBELINE

The properties of the naturally-occurring  alkaloid
lobeline (314), a constituent of the Indian tobacco plant
(Lobelia inflata), rescmbic thosc of nicotine in many
respects [242,243]. Its affinity for the rat brain cytisine
binding site is roughly the same as that of nicotine (K., =
2.5) [233,244], although it does not activate adB2 receplors
expressed in ococyles [242]. Both nicotine and lobeline
produce brachycardia and hypotension in anaesthetized rats
{245), and both causc hyperalgesia when administered into
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the rat brainstem [246}. Lobeline mimics the performance of
nicotine in certain behavioral assays in rodents {247,248),
however the effects in these assays are not blocked by the
nicotinic antagonist mecamylamine [43], suggesting the
involvement of an alternative mechanism of action. In
contrast to nicotine, chronic treatment of rats with lobeline
does not promote central nAChR upregulation [249], nor
docs the response of animals conditioned to nicotine
gencralize to Yobeline [250}. Thus, the actions of lobeline are
pharmacologically complex and distinct from that of
nicotine. Recent evidence suggests that lobeline may exert
some of its in vivo effects by a mechanism involving
inhibition of dopamine uptake and stimulation of DA relcase
from synaptic vesicles within dopaminergic terminals [243].
Lobeline and its analogs have been investigated for the aid of
smoking cessation, and are claimed for the treatment of CNS
disorders and for drug addiction {251-253).

Structurally, lobeline bears little resemblance to nicotine
and does not casily fit the classical nicotinic pharmacophore
model. It has been demonstrated that the piperidine ring is
required for strong binding affinity, and it is tempting to
overlay the basic amine with the pyrrolidine portion of
nicotine, and allow one of lobeline’s oxygens to assume the
putative hydrogen-bonding role of the pyridine nitrogen
[254). If this were valid, then truncated analogs such as 315
or.316 might be expected to retain much of the high nAChR
affinity of the natural product. However, it has been shown
that the ketonc derivative 315 is »500-fold weaker than
lobeline and the reduced variant 316 has even poorer affinity
[255]. Clearly, both side-chains are required for a strong
interaction with the receptor. Furthermore, at least one must
be oxygenated, as illustrated by the observation that the
symmetrical amine 317 (lobelan) lacking both oxygen
functionalities is & poor ligand for the receptor, whereas
addition of either the hydroxy! (318) or ketone (320) restores
some affinity. The symmetrical diol 319 does not appear to
gain any advantage over 318 from the additional hydroxyl
substituent, yet the chloroketone 321 is nearly equipotent
with lobeline itself. In spite of these and other medicinal
chemistry efforts [256,257), no lobeline analogs have
yet been reported that improve on the potency of the
parent compound.
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o7 nAChR LIGANDS

The o7 nAChR is increasingly the target of therapeutic
intervention. Possible indications overlap to some extent
with those associated with the a4f2 subtype, including the
treatment  of - cognitive deficiencies associated  with
Alzheimer's disease and other dementias, ADHD, pain,
depression, and Parkinson’s disease, in addition to
schizophrenia and neuroprotection. A recent report
delineates a role for a7 in the inflammatory response,
suggesting a new direction for research in this arena [258].
The o7 receptor has unique biophysical properties, including
high calcium permeability and rapid desensitization kinetics,
and there is a correspondingly unique SAR surrounding
ligands for this subtype. In contrast to the adf2 situation,
high selectivity for o7 over other nicotinic subtypes has been
fairly easy to achieve. Indeed, interference from non-
nicotinic phammacologies (5-HT), muscarinic, etc.) has some-
times been a more vexing problem (259-261). Nevertheless,
several highly selective a7 ligands have recently become
available which may serve to further elucidate the function
of these receptors in native systems.

ANABASEINE/GTS-21

The worm alkaloid anabaseine (10) is a weak partial
agonist at the 04B2 nAChR subtype, but it is substantially
more efficacious than either nicotine or acetylcholine at rat
o7 receptors expressed in oocytes [262). Its inherent subtype
bias has positioned anabascine as a template for the
construction of novel o7-selective agonists {263]. SAR
investigations revealed that conjugated aryl substituents at
the piperidine C-3 position magnify anabaseine’s intrinsic
o7 preference, primarily by attenuating activity across all
subtypes, but to a lesser extent at &7 than at the others. The
(2,4-dimcthoxybenzylidine)anabaseine  derivative 322
(DMXB, GTS-21) in particular has emerged as an important
compound for the characterization of a7 function in vivo
[262). Despite its weak potency and low maximal cfficacy at
the rat &7 nAChR (ECy = 81 1M, 50% of ACh response)
(264], GTS-21 has demonstrated effectiveness in rodent
models of cognition and memory {265,266). Significantly, it
does not'act as a nicotine cue, suggesting that a7 receptors:
play at most a limited role in the addiction liabilities of ’
nicotinic compounds {267]. Although GTS-21 is even less
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active at the human receptor (<20%, ECgq= 109 uM) [264],
it has shown some encouraging hints of efficacy in human
trials for cognition enhancement [263). The primary
metabolite of GTS-21, the 4-hydroxy analog 323, has 4-fold
better potency and greater efficacy at the human a7 nAChR
(ECs=26 uM, 40% of ACh) than the parent compound, and
may therefore be a strong contributor to the observed in vivo
effects [264]. On the other hand, it was recently reported that
although GTS-21 does not activate the mouse 5-HT3A
receptor, 323 is a weak agonist, and other metabolites such
as 324 are even more potent [259].

Further optimization studies in the benzylidine
anabaseine series have identified several -analogs with
improved o7 affinity. The p-dimethylamino variant 325 is
only slightly more potent than GTS-21, however the
extended cinnamylidine analog 326 shows a much more
substantial improvement [262]. A number of additional
analogs have becn prepared and evaluated at the cockroach
nAChR, but none werc as potent as the well-known
nicotinic imidaclopride.

OMe

122 (DMXB, GTS-21) 323 X=OH, Y=OMe ra7K;=1700M
rodf2 K,y =28 324 X=OMc, Y=OH  ra? Ki= 140 nM
ra7 K;= 210 nM

1325 X=NMez, Y=H
NMo,

326 ra7 K; =33 nM

QUINUCLIDINES

Quinuclidine (1-azabicyclo[2.2.2]octanc) has been a
popular scaffold for the construction of novel nicotinic
ligands, with most cfforts in this area directed towards the
o7 nAChR subtype. Simple quinuclidinol csters and
carbamates such as 327, which are essentially constrained
analogs of the endogenous ligand ACh, are reported to have
comparable affinity for both nicotinic and muscarinic rat
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brain receptors [244]). The same holds true for the
methylene-linked analog 328 [270,271]. However, N-aryl
carbamates such as 329 are selecctive nAChR agonists,
patticularly for the a7 subtype {[272]). Although no
comroborating data have been published, compounds such as
329 are claimed for their potential utility in the treatment of &
broad variety of psychotic conditions, cognitive deficits, and
pain, Analogs containing alternative azabicyclic ring systems
have also been prepared, but they are allegedly inferior to the
quinuclidine analogs.
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In an effort to further reduce conformational flexibility in
the carbamate structures, the AstraZeneca group prepared a
series of spirocyclic quinuclidine derivatives. The
prototypical example is the spircoxazolidinone 330 (AR-
R17779) which is a full agonist (ECg= 21 uM, 96% relative
to ACh) at the rat a7 nAChR in oocytes with excellent
selectivity in vitro for a7 versus the a4B2, cd4f4, and a3p4
nAChR subtypes [273,274). A growing body’ of evidence
suggests a link betwcen a7 activation and a variety of
biological effects, yet in vivo studies with this selective
compound have failed to show very impressjve efficacy.
AR-R17779 has been shown to enhance learning and
memory function in rats (radial arm maze model) (275], but
it fails to improve performance in a model of attention [276].
Although a genetic link has been established between
mutations at a7 and sensory deficits in schizophrenics {277],
AR-R17779 has no effect on auditory gating using a pre-
pulse inhibition paradigm (278). It has been suggested that

. 330 possesses poor pharmacokinetic properties {11], which

may help to explain the abserved lack of in vive efficacy,
and may be expected lo limit the usefulness of this
compound therapeutically.

A L

331 (ont-AR-RI7779)
rx4P2 K g = 30,000
rad K; = 9400 "M

330 (AR-RI7779)
a4 f2 Kot = 16,000
ra? K;= 92 nM

Efforts to map the SAR around AR-R17779 have
revealed that its a7 aclivity is sensilive to even minor
structural changes in the spirooxazolidinone region {273}
The enantiomer of AR-R17779 (331) is cssentially inactive
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at a7 (<10% in oocytes), and transposition of N and O of the
oxazolidinone (333) abolishes activity. N-Methylation (332)
causes a modest attenuation of a7 potency, but it
significantly erodes selectivity by enhancing c4B2 binding
affinity. Replacing the spirooxazolidinonc ring oxygen with
either CH, or NH affords the lactam 334 or urea 335 analogs,
respectively, both of which lack significant affinity for the
a7 nAChR. Ring expansion of AR-R17779 to the six-
membered ring urethane analog 336 likewise produces an
inactive compound. On the other hand, a series of N-aryl and
N-heteroary! anatogs of AR-R17779 have been prepared by
Welfide [279) and are purported to show enhanced affinity
for the a7 nAChR. Bromothiophene 337, for cxample, has
particularly high a7 affinity (K= 4 nM) and is 500-fcld
selective versus od4f2. It might be anticipated that the
addition of the more lipophilic side-chain would improve the
pharmacokinetic characteristics relative to AR-R17779, but
no information on this issue is available.
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3132 X=NMe, Y=O  ra? K; =220 nM 337 7 Ki= 4 nM
333 X<0O, Y=NH ra? K1 >4300 n M

334 X=NH,Y=CH; ra7K;=4000nM

335 X«NH, Y=NH ra7 K;> 13,000 nM

336 X~=CH,NH, Y=0 ra? K, = 4000 n M

Further SAR explorations of the spirocyclic quinuclidine
motif have led to a novel series of highly sclective
dihydrofuropyridines exemplified by PSAB-OFP (338)
(261,280-282]. This compound shows a >15-fold boost in
binding affinity relative to AR-R17779 (330), with
comparable intrinsic functional activity (83%, ECy= 2.2
1M), and furthermore it retains the excellent nAChR subtype
selectivity profile of AR-R17779. Confounding any efforts
to ascribe in vivo effects of 338 to 07 activation is the fact
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that the compound is essentially cquipotent at @7 and the 5-
HT, receptor [261], an ion channel with high homology to
a7, particularly in the ligand binding domain. Fortunately, it
has been reported that the cross reactivity at the 5-HT,R can
be abolished simply by replacing the phenyl group on the
furopyridine portion of 338 with a pyridylmethylamine
substituent (339) [11,283]. Another entry in the spirocyclic
class comes from NeuroSearch, who has disclosed
quinuclidine ketals exemplified by 340 that are moderately
selective for a7 (ICy = 0.19 uM versus a-bungarotoxin) vs.
adf2 (ICs, = 30 uM versus cytisine) [284].

The past three years have seen a flurry of patent activity
describing substituted aryl-, biaryl-, and heteroaryl amide
derivatives of 3-aminoquinuclidine as selective a7 ligands
(both agonists and antagonists). Even very simple analogs
like the p-chlorobenzamide 341, for instance, ™ show
impressively high binding affinity for the rat a7 receptor.
Although only limited data have been revealed, it is clear
that a wide variety of aryl groups can be accommodated, and
that a generally high degree of enantioselectivity exists
favoring {3R)-aminoquinuclidine amides over the (35)-
antipodes. The exo isomers of related azabicycles 342 and
343 mirror this dramatic stercochemical preference, as the
(3R)-enantiomer 342 binds in the nanomolar range whereas
the (35)-enantiomer 343 shows no affinity for the rat a7
nAChR [285]. Both AstraZeneca [286] and Pharmacia [287-
289] have staked claims to more claborate aryl amides
exemplificd by the phenyl ether 344 that presumably utilize
additional hydrophobic interactions with the a7 receptor to
improve selectivity. Substituting a p-hydroxy! on the
terminal aromatic ring (345) results in a 3-fold enhancement
in potency, and the thioether analog 346 boosts affinity by
another factor of three. Further improvements were realized
by the preparation of fused ring analogs like the benzoxazole
347 [290), which is nearly equipotent with the p-
chlorobenzamide 341.

In terms of affinity for the rat o7 receptor, the best
quinuclidine amide analogs reported to date are derived from

338 7 K; = $nM
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heterocyclic carboxylic acids. Furan (348), thiophene (349),
and N-methylpyrrole (350) analogs bearing phenyl groups or
other aromatic moieties at C-5 generally bind to the o7
nAChHR in the low nanomolar range [291-293]. Additional
heteroatom replacements in the five-membered ring, as in the
oxazole analogs 351 and 352, attenuate affinity for &7 by at
least an order of magnitude. The effects of modifications to
the terminal aromatic ring do not follow obvious trends, but
a couple of generalizations are possible. For instance, small
hydrophobic substituents (chioro, methyl) are allowed at any
position, and polar groups at C-2 (e.g. 353) appear to
improve affinity for the a7 subtype. A single fluorine
substituent anywhere on the terminal phenyl weakens
binding by at least a factor of two, with additional fluoro
groups decreasing affinity even more dramatically. An
interesting exception is the m-trifiuoromethyl analog 354,
which is reported to bind at 1.5-6 nM, nearly 70 times as
potent as the 0-CF, version,

Aoy W oA

381 XN, Y=CH ro7 K, = 1555 nM
351 X=CH, Y=N ra? K; =~ 1380 aM

348 X=0 ra? Ki=17-50 nM
349 X=S ra? Ki=13-33 nM
350 X=NMera7 Ki=2065 nM

A

353 Reo-NH, ta7K;=2-3aM
384 R=mCF; ma?K,;=1.56aM

Two analogs in this series have been more extensively
profiled by a group at Eli Lilly [11,281,282]. The 2-pyridyl
compound 355 and the 3-thienyl analog 356 are
exceptionaily potent full agonists at human al receptors
(ECy = 14 nM and ECy = 37 nM, respectively) with no
functional activity at other nAChRs as determined by FLIPR
analysis in recombinant cell lines. Notably, neither has
activity at muscarinic receptors (M;-M;) nor at the human 5-
HT,R, and both allegedly possess good pharmacokinetic
properties in rats. Evaluation of 355 in a battery of rat
behavioral assays including the radial arm maze, the forced
swim test, the pre-pulse inhibition model, and the formalin
assay, as well as others, failed to show any cfficacy
attributable to the compound {282). Furthermore, exposure
of rats to 355 (either chronically or acutely) did not produce
a neuroprotective effect in response to 6-hydroxydopamine
infusion. The authors concluded that rapid desensitization of
the @7 receptor, which is obscrved at low agonist
concentrations in vitro, translates into functional antagonism
at a7 receptors in vivo.

A set of novel furopyridine and thienopyridine amides
has recently been revealed by the Phanmacia group [295].
The sulfur-containing analogs (such as 358) are typicaily
more potent than the corresponding furans (357), and the
thieno[2,3-c]pyridine-5-carboxylate isomer (358) is preferred
to altenative heterocycle arrangements like 360 and 361.

Bunnelle e1 al

355 ra?K; = 3-5 M .

/] g M\
[NHO s \:

356 ra7K; =9-15 nM

Introduction of a 2-methyl substitucnt on the quinuclidine
core (359) causes a 3-fold loss of affinity for a7. Analogs of
358 with additional substituents in the thiophene region have
also been prepared but no data on these compounds have
been published. .
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360 ra? K; = 952 nM

357 ReH, X=0 m 7 K; = 9-10 nM
358 ReH, X=S ra?X;=5nM
359 ReMe, X=S ra? K= 18 n1M

' L H o

361 ra? K = 65 aM

A number of related o7 ligands have been disclosed in
the patent literature without data on specific compounds
being provided. Some representative examples arc shown
below. In essence, all of these structures rcpresent alternative
strategies for connccting the common pharmacophore
elements of a 3-quinuclidine and a lipophilic fragment. For
instance, amides 362-364 [296] replace the heteroaryl
element of 348 with simple olefinic, cyclopropyl, or
acetylenic linkers. Compound 365 [297] is similar, but a
heteroatorn (sulfur) is incorporated into the tether. Benzylic
carbamates exemplified by 366 {298) comprise another class,
in which the orientation of the carbamatc is reversed from
that illustrated by 329. Finally, simple ether analogs such as
367 [299] have recently been claimed. These oxygen linked
compounds might be expected be more flexible than their
amide counterparts, in addition to lacking potential
hydrogen-bonding sites in the amide linker. The importance
of these modifications cannot be asccrtained due to the
absence of published data.

A unique feature of quinuclidine is the presence of the
bridgehead nitrogen atom, which renders * this amine
unusually compact and enforces a well-defined orientation
with respect to protonation of the nitrogen. These
characteristics are also present in the 14-diazabicyclo-
[3.2.2]nonanc skeleton, and the development of this core
toward selective &7 nicotinic ligands has proceeded in
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paralle! with the quinuclidines. Several representative
examples include 368-373 [300-307]. Although the diamine
derivatives clearly bear a resemblance to the a7-selective
quinuclidines discussed above, they have the advantage of
being achiral, so the question of ecnantioselectivity
disappears. In addition, by incorporating the non-bridgehead
nitrogen atom into the bicyclic framework, some of the
flexibility of the parent 3-aminoquinuclidine system is
removed. At this time, however, no relevant biological data
have been divulged to enable a meaningful comparison of
the two structural classes.
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CONCLUSION

Drug discovery efforts have greatly expanded the range
of known nACHR agonists. Several new structure types have
been introduced, and elements of selectivity with respect to
the best-characterized receptor subtypes are beginning to
emerge. There is a long way still to go. The nAChR family is
large and complex, and it is simply not yet possible to assess
selectivity -beyond a few of the best-characlerized subunit
combinations. Indced, the vast majority of the available data
pertains only to binding afTinities, which do not correlate

well with potencics for receptor activation. Nevertheless,
ligands that achicve good levels of selectivity for specific
subtypes (c.g., «7 vs 04f2, odf2 vs o34 and &7) have
been identified. In the last decade, several nicotinic agonists
with improved therapeutic potential relative to nicotine have
been identified and advanced to clinical trials, It seems only
a matter of time before some of these emerge to the market
as cffective drugs. Likewise, approaches aimed at identifying
selective nAChR antagonists, as well as development of
allosteric modulators, can be expected to expand the
therapeutic potential of nAChRs. .

The issue of subtype selectivity is certainly not solved, but
some progress has been made in designing compounds that
have different selectivities for major subunit combinations
compared to nicotine, and concomitantly improved
therapeutic indices in preclinical models. We can expect that
further progress to understand the structural features of
ligands that confer subtype selectivity will result in even
better therapeutic compounds. Importantly, such studies will
also provide exquisitely selective pharmacological tools,
currently unavailable, that will be required to deconvolute
the complex set of behavioral effects elicited by non-
selective agonists like nicotine.
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Abstract: Neuronal nicotinic acetylcholine receptors (nAChRs) are tigand gated jon channels of broad distribution and
structural heterogeneity. Their functional diversity demonstrated involvement in a varicty of neuronal processes (c.g.
sensory gating and cognitive function) and generated great interest in them as targets for therapeutic intervention in a
number of neuropathological conditions and diseases. In order to control distinct nicotinic functions pharmmacologically, it
is important to design ligands that sclectively interact with distinct receptor subtypes in such a way as to maximize the
therapeutic effect and minimize the adverse cffects. The a7 nAChR, a CNS subtype, has been the most intensively studied
nACHR in recent years. Selective a7 nAChR agonists have been developed as potential candidates for the treatment of
schizophrenia, cognitive disorders (including Alzheimer’s disease), and inflammation. Despite carly concems that the
rapid desensitization property of the a? nAChR would limit their therapeutic potential, several have alrcady been
advanced to clinical trials (e.g., PH-399733, Pfizer; MEM 3454, Memory Pharmaceuticals/Roche). Further development
of allosteric modulators and pharmaceutically relevant antagonists might expand the therapeutic potential of compounds
that target a7 RAChRs. In this review we bricfly describe the structure and function of the &7 nAChR and its in vitro and
in vivo pharmacology, discuss the clinical relevance of these efforts, and review the current progress in a7 ligand
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development.

Keywords: o7 neurcnal nicotinic acetylcholine receptors (nAChRs), o7 selective nicotinic ligand, quinuclidine, allosteric

modulator, radiclabeled imaging ligand.

1. INTRODUCTION

Neuronal nicotinic acetylcholine receptors (nAChRs)
exist as several subtypes and are involved in a variety of
disorders. Their putative functional diversity stimulated the
development of subtype-selective ligands as potential
therapeutics for the treatment. of neuropathological
conditions and diseases. In order to be able to control
distinctive nicotinic functions pharmacologically, it is
important to design ligands that selectively interact with a
distinct receptor subtype in such a way as to maximize the
therapeutic effect and minimize the adverse effects.

The a7 subtype has been the most intensively studied
nAChR in rccent years. Structural and pharmacologic
examination and the design of ligands for this receptor are
areas of expanding effort. Over 1000 manuscripts describing
a7 research have published in the last five years, and a
growing number of patent applications for a7 nAChR
ligands, allosteric modulators and uses thereof demonstrates
interest by the pharmaceutical industry. The advencement of
som¢ of these agents into clinical trials (e.g., PH-399733,
Pfizer; MEM 3454, Memory Pharmaceuticals/Roche)
provides further encouragement that the a7 target is worthy
of pursuit.

2. MOLECULAR BIOLOGY
2.1, Structure and Ligand Interaction

nAChRs are pentameric ligand-gated ion channels. The
a7 nAChR is homomeric, consisting of five &7 subunits {1].
The o7 subunit has also been shown to form functional

*Address correspondence to this author at the Targacept, Inc, Winston-
Salem, North Carolina 27101, USA;
E-mail; Anatoly.Mazurov@targaccpt.com

0929-8673/06 $50.00+.00

receptors in vitro with B2, however we will limit our
discussion to homomeric a7 receptors. The human a7
subunit is approximately SOkD in size and composed of 502
amino acids, including a 22. amino acid signal peptide (Fig.
1). The molecule can be subdivided into an N-terminal
domain and a transmembrane domain. The N-terminal
domain is extracellular; composed of approximately 200
amino acids that form ten B strands, and is involved in
forming the ligand-binding domain (LBD, Fig. 2a). The
transmembrane domain is composed of four alpha helices
that cross the lipid bilayer and form the ion"channcl.

The subunits interact at multiple sites. In the extracetlular
domain, the positive face of one subunit interacts with the
negative face of an adjacent subunit to form the ligand-
binding pocket. On the positive face, loops A, B and C have
been shown te be involved in forming the LBD (Fig. 2b). On
the negative face, loops D, E and F contribute to the binding
region {2]. The pentameric architecture of a7 presents five
potential ligand-binding sites.

Recent studies with the acetylcholine binding protein
(AChBP) from the snail Lymnea stagnalis have provided
atomic scale resolution of the protein’s structure and a
framework to model the o7 nAChR extracellular domain [2].
Using the AChBP framework and defining residues within
5A of N-(2-hydroxyethyl)piperazine-N'- (2-cthanesulfonic
acid) (HEPES) scen in the AChBP crystal, Chou {3] has
defined the a7 specific residues that are in close proximity to
the ligand binding region and that may interact with bound
ligands. On the positive face of the LBD, the residues arc
Ty in loop A, Ser™® Trp'*® and Scr'™ in loop B and
Tyr'®, Cys! ,Cys'' and Tyr'" in toop C. Contributing from
the negative face of the LBD are 'I'rf)Ss from loop D and
Val'®, vai''®, Gin'", TyrIISl and Leu'"? from loop E (Fig.
2b).

© 2006 Bentham Science Publishers Ltd.
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«— 8igmal peptide _,

human_a? PQRe=m=savensn- KLYKELVENYNPLERPVANDS
achbp DILYNIRQTSRPDVIPTQRDR
rat_a? RLYXELVKNYNPLERPVANDS
chick_a? FQR-~==sesnnan= XLYKELLKNYNPLERPVANDS
murine_SHT3 TQEDTTQPALLRLSDHLLANYKKGVRPVRDWR
_ 63
human_a7 QPLTVYFSLELLOIMDVDRKRQVLTTN ¥V S ADHYLQWHVE EY PGVR TVRYPDOQ
achbp - PVAVSVSLKFINILEVNEI THEVDVVEWOQTTWSDRTLANNSSHSP - - DOVSVPISS
rat_a? QPLTVYFSLSLLQIMDVDRINQVLTTN IDHYLQWNMSEY PGVIQNVRFPDGQ
chick_a? QPLTVYPTLSLMQIMDVDEKNQVLTTN DHYLQWNVSEY PGVKNVRFPDGL
murine_SHT3 KPTTVSIDVIMYAILNVDRKNQVLTTYX
human_a?
achbp
rat_a?
chick_a?
murine_SHT3
human_a7
achbp
rat_a?
chick_a7
murine SHTI {LH
B . F ™D I . o c ™D IX
human_a7  TYTMRERTLYYGLNLLIPCVLISALALLVFLLPADSGEKISLOITVLLSLTVFMLLVASX
achbp SLNFRKKGREEIL=moz--~csomasmssmnmemensnssesazmoonssosnesnenss
rat_a?7 TUIMRRRTLYYGLNLLI PCVLISALALLVFLLPADSGEKISLGITVLLSLTVFMLLVAET
chick_a?7 _ TVTMRRRTLYYGLNLLI PCVLISALALLVFLLPADSGEKISLGITVLLSLTVFMLLVARI
murine_SHT3 YV IRRRPLFYAVSLLLPSIFLMVVDIVGFCLPPDSGERVSFKITLLLGY SVPLIIVSDT
N DRI .
v @
human_a? MPATSDSVPLIAQYFASTNIIVGLEVVVIVIVIQYEHED FDGGEMPIWTRVILLRNCANE
achbp  secesecsccssmnnomenseocossossnssssm T puemcmsncsccnnseanasn
rat_a? MPATSDSYPLIAQYPASTNIIVGLSVVVTVIVLRYHHHDPDGGKMPKWTR I TLLNWCAWF
chick_a7 MPATSDSVPLIAQYPASTMIIVGLSVVVTVIVLQYRHHDPDGGKMPKWTRVILLNWCAWE
muriné SHT3 LPATIG-TPLIGVYFVVCMALLVISLAETIFIVRLVHKQDLQRPVPDHLRHLVLORIAWI
human_a? LRMERPGEDKVEPACQUXQRRCEBLASVEMBAVAP PPASNGNLLY IGFRGLOGVECVPTPD
achbp  ~ec-cc--e- LR e R emecseasmcsemccmcannmcuasc e aaoan
rac_a? LRMKRPGEDKVRPACQHKPRRCSLASVELSAGAGPPTSNGNLLY IGFRGLEGMHCAPTPD
chick_a? LRMKRPGEDXVRPACQHKQRRCSLSSMEMNTVSGRQCSNGNMLY IGFRGLOGVHCTPTTD
murine_SHT3 LCLGBQPMAHRPPATFQAN-----~------- KTDDCSGSSDLLPAMGNH CSHVGGPQDL
human_a7 SGVVCGRMACSPTEDRHLLEGGQP PEGDPDLAKILEEVRYIANRFRCQDESEAVCEENKF
achbp .......... emvceomean cramene—sasmsens P L R R e
xat a7 SGVVCGRLACS PTHDEHLMHOAHPSDGD POLAKILERVRY IANRNROQDESEVICSERKP
chick_a7 SGVICGRMTCS PTERENLLHSCHPSECDPDLAKE LEEVRY IANRFRDQDEEEATCNEWKE
murine_SHT3 EKTPRGRGSPLPP---~---=~-- PREASLAVRGLLQBLSSTRHFLEXRDEMREVARDNLR
™D IV N
human_a? AACVVDRLCLMAPSVFTI ICTIGILMSAPNFVRAVSKDFA 480
achbp = ~--sc-----e-esccsscccccmcocoosasonsononn
rac_a? ARCVVDPLCLMAPSVFTLICTIGILMSAPNFVBAVSKDFA 480
chick_a? ARSVVDRLCLMAFSVFTIICTIGILMSAPNFVRAVSKDFA 480
murine_SHT3 VGYVLDRLLFRIYLLAVLAYSITLVTLWSIWHYS------ 465
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26
25
26
26
37

146
140
146
146
156

P 200

197
200
200

F 215

260

260
260
275

320
320
320
334
380
380
380
361
440
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Fig. (1). Sequence of the human a7 nAChR compared with the a7 sequences from rat and chicken, and the sequence of the AChBP and
murine SHT, receptor. All are members of the ligand gated ion channel (LGIC) superfamily. The sequence alignments are based on a multi-
sequence ClustalX aligament [187). The first numbered residue in cach sequence is highlighted in green. The putative binding loops, B
strands and transmembrane domains are indicated, Loops A, B and C from the positive face of the LBD are indicated in red, and [oops D, E
and F from the negative face arc indicated in blue. The  strands are numbered according to the AChBP crystal structure determination {2).

The conserved valine at position 202 is highlighted in ycllow.
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inrcchubar

Fig. (2). Putative organization of the o7 nicotinic receptor. (A) The
extracellular domain is composed of ten f strands (2). Four a-
helical bundles that cross the cellular membrane constitute the
transmembrane  domain, (B) Schematic of the pentameric
architecture of the a7 receptor. The interfaces of adjacent subunits
form Tfive potential ligand binding sites. The exploded detail shows
the residucs in loops A, B and C from the positive face and loops D,
E and F from the ncgative face that may interact with ligands in the
binding domain [3].

Cclie er al. [4] have recently presented the structures of
AChBP with nicotinc and carbamylcholine bound, defining
the residues that interact with these ligands in the binding
site, From this study, it is clear that there are differences in
residue contributions depending upon the ligand bound. The
loop C Tyr'®® (AChBP sequence numbering) has limited
contact with nicotine but contributes aromatic contacts with
carbamylicholine, and Arg 1% in loop E only interacts with
carbamylcholine. Future studies should continue to elucidate
a7-specific interactions and define specific differences due
to affinity and activation (agonism or antagonism).

The transmembrane domains form the ion channel pore.
The M2 segments from each of the five subunits line the
aqueous lumen. The other transmembrane segments encircle
the M2 segments, protecting them from the lipid bilayer
[5,6). The ion channel contains an extracellular charged ring
involved in ion conductance, an intracellular charged ring
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defined as the charge selectivity filter, and a consiriction at
the middle of the membrane that forms a hydrophobic gate
(Fig. 3a) [6-8]. The negatively charged residues at the intra-
and extracellular vestibules selectively interact with and
conduct cations through the pore. Upon agonist binding,
changes occur leading to a quaternary symmetrical twist that
opens the hydrophobic gate and allows the passage of ions
(Fig. 3b) [6,9-11).

Cs

A B Ca*

Fig. (3). The ion channel pore of the o7 receptor. (A) The charged
residues in the extracellular ring involved in ion conductance, and
those that form the ion selectivity filier on the intracellular side are
labeted. Valine-252 and leucine-248 form the hydrophobic gate at
the middle of the membrane. (B) Upon activation, a quartenary
twist of the subunits opens the gate and allows the passage of
cations.

2.2, Activation and Desensitization

The nicotinic receptors are cation channels. Classically,
the nAChRs have been defined as sodium channels. Upon
activation, the jon pore conducts monovalent Na* ions into
the cell while allowing an efflux of K* ions. The narrowness
of the channel appeared to limit the flux of divalent cations.
However, the a7 nAChR has been shown to be highly
permeable to Ca®*, defining .7 as a calcium channel [12-14].

The Monod-Wyman-Changeux (MWC) model was
proposed forty years ago to describe the mechanistic states
of receptor ligand interactions [15]. Over time, this model
has been adapted to explain the mechanistic states of
membrane bound receptors. Fig. 4 shows the reaction
scheme, defining four potential allosteric states of the
receptor. The receptor is initially in a resting or basal (B)
state. Antagonists such as a-bungarotoxin (@-BGT) or
methyllycaconitine (MLA, 92, see chapter 5) stabilize this
state in a7 nAChR. Agonists have a higher affinity for the
active state (A) of the receptor. The symmetric quaternary
twist, previously described, opens the pore and allows ion
conductance in the active state. Upon activation, the a7
nAChR moves rapidly to an intermediate (I), closed state and
then to the desensitized state (D) [16-18].

Desensitization is a loss of the biological response due to
agonist stimulation, Upon washout of ligand, receptors
return to the basal allosteric state. The a7 nAChR displays
fast (millisecond) onset of desensitization upon agonist
application [16]). The rapid inactivation of the receptor
caused by ligand-induced desensitization is often described
negatively. However, desensitization plays an important
physiological role in preventing cell death by excitotoxicity.
Hyperfunctional a7 receptors have been designed by
mutations in the M2 domain. Expression of such
hyperfunctional o7 receptors causes extensive apoptosis and
toxicity in the neuron-like cells SH-SY5Y and IMR-32 [19]
and leads to death within one day of birth, when the
receptors are expressed in vivo in mice [20].
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Active
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Closed

D p
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Fig. (4). Allosteric states of the o7 aAChR. The potential
transitions between the four allosteric states of the a7 receptor are
represented. The resting state of the receptor is defined es the basal
(B) state. Binding of agonists causes the transition to the active (A)
state. Once activated, the a7 receptor moves quickly to the closed,
inactive (f) state and then to the desensitized (D) state. Upon ligand
washout, the receptor returns to the basal state. Antagonists display
affinity for the basal state, preventing transition of the receptor to
the active state.

3. PHARMACOLOGY: CHARACTERIZATION OF a7
NICOTINIC LIGANDS

3.1. Radioligand Binding

The a7 nicotinic receptors were initially defined as the
low affinity nicotinic receptors in the CNS [21]. Better
characterization of this receptor was made possible with the
discovery of a-bungarotoxin (0-BGT) as a selective ligand
for the &7 nAChR in the CNS. 'PI-a-BGT, displaying 2 Kq
of approximately 1nM for rat and human &7 homomers (22-
25], allowed the localization of o7 receptors in the brain and
provided a labeled ligand for competitive binding studies.

Such receptor binding studies provide the primary means
to examine the interaction of potential ligands with the a7
receptor. The high expression level of a7 in the rat
hippocampus, 30-40 fmol/mg, has made it the tissue source
of choice for binding assays [26-28). The human
neuroblastorna lines SH-SYSY and IMR-32, and the rat
pheochromocytoma line PC12 patively express o7 and have
been used in binding, as well as functional studies. However,
these lines also express 3 and P4 nicotinic subunit
containing receptors, complicating their usage for studying
a7 [24,29-31). Development of recombinant cell lines
expressing functional a7 receptors has been limited and
shown to be host cell dependent [32-34). Recent evidence
points to the need for expression of the RIC.3 gene product
for proper transport or cell surface assembly of functional «?
receptors {35,36]. With co-expression of a7 and RIC-3,
functional a7 receptors have now been expressed in the non-
neuronal line HEK-293 [37]. SH-SYSY and GH4C1 cells,
which were previously successfully transfected with a7
nAChRs, were shown to natively express RIC-3. This
finding may open the way for the development of ceil lines

Mazurov et al.

expressing pmol/mg levels of a7, on a nicotinic null
background, to aid in nicotinic ligand characterization.

The discovery and characterization of methyllycaconitine
(MLA), the principal toxin from the seeds of Delphinium
brownii, as an o7-selective ligand has provided another
means for studying o7 receptors [23, 38]. MLA, radiolabeted
with tritium, binds to &-BGT-sensitive sites in the brain and
displays a K4 of 2 nM for the rat a7 receptor [39].

3.2. Functional Assays

Binding defines only the affinity of a ligand for a single
state of the receptor and provides no information on the
agonism or antagonism of the compound. To elucidate the
effect of avid compounds upon the receptor, they must be
examined in functional assays.

3.2.1. Ion Flux Assays

lon flux assays using radioisotopic ions, such as SRb" as
a surrogate for K*, have been applied to cxamine functional
responses at a4B2, «3p4 and muscle-type nicetinic receptors
[40). More readily adaptable to high throughput screening
are assays using fluorescent ion indicators to measure real-
time ion flux. However, even though the o7 receptor is
highly permeable to calcium, the rapid kinetics of the
receptor limit the utility of these assay formats for studying
a7 functional responses. To circumvent this issue, mutant
and chimeric 0.7 subunits have been enginecred to increasc
the open probability of the receptor and produce more
readily measurable responses. Bertrand and colleagues
generated a gain-of-function chick a7 mutant by replacing
the leucine at position 247 with a threonine [41,42]. Along
with increasing the open probability of the receptor, the
response to ligands was altered, limiting the use of this
mutant to predict the function of ligands at the wildtype
receptor. The L247T mutation converts serotonin from an
antagonist to an agonist, and the classical nicotinic
antagonists DHPE, hexamethonium and (+)-tubocurarine
were shown to activate the mutant receptor expressed in
oocytes {42-44]. In an attempt to correlate the functional
properties of ligand gated fon channels to defined structural
domains, Eisele and colleagues [45] constructed a chimeric
receptor composed of the N-terminal portion of chick o7 and
the C-terminal part of the murine SHT; subunit, connecting
them at the conserved valine at postion 202.-In oocytes, the
response to agonist has been shown to be similar between the
chimera and wildtype a7 {45, 46]. However, the chimera
was blocked by calcium ions, whereas wildtype @7 is highly
permeable to Ca’* [45). Further work with ‘the equivalent
human a7/murine SHT; chimera, using a defined isotonic,
low sodium buffer that enhances the calcium flux, has shown
that compounds behave similarly at the chimenc and
wildtype receptors [47]. Recently, this same group has
described the engineering of & dual mutant a7 receptor. By
mutating the threonine at position 208 to a proline, and the
cysteine at position 219 to a scrine, the increased open
probability seen with the chimeric receptor was maintained.
Use of the dual mutant a7 has been described in
characterization of o7 agonists and positive allosteric
modulators (PAM) [47,48]. The mutant may be stably
expressed in SH-EP! cells and utilized in a calcium flux
assay. Attempts by the same group to express wildlype a7 in
SH-EP1 cells were unsuccess{ul.
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3.2.2. Electrophysiological Assays

Due to the rapid activation and desensitization kinetics of
the a7 receptor, electrophysiology has been the gold
standard for cxamination of a7 function. Oocytes are
harvested from female Xenopus laevis frogs, injected with
¢cRNA for transient receptor expression and examined using
two electrode voltage clamp recordings. This system is
advantageous in allowing the examination of functional
receptors of defined subunits. For the examination of cellular
responses and elucidation of the physiological role of a7
nAChRs, whole cell electrophysiological techniques may be
utilized with tissue slices or dissociated neurons in vitro, or
in defined cell layers in vivo. Electrophysiological studies
with slices and dissociated neurons have shown nicotinic
enhancement of glutamatergic currents in the hippocampus,
auditory cortex, lateral geniculate, oifactory bulb and
cerebellum {49-54). Blockade of this enhancement by 7.
specific antagaonists (¢-BGT or MLA) implicates a7 in this
nicotinic response.

-7 receptors have also been implicated in long-term
potentiation (LTP). LTP is an increase in synaptic strength
that may last for hours or cven days [55], and that has been
correlated with memory formation. LTP is studied using
clectrophysiological techniques with tissue slices or in
discrete brain regions in the intact animal. LTP in the
hippocampus and ventral tegmental area (VTA) has been
shown to be dependent upon a7 activation [56-60].

3.2.3. Neurotransmission Assays

In addition to electrophysiology, in virro neurotrans-
mission and in vivo microdialysis have been invaluable in
clucidating the role of a7 nAChRs. Using cortical and
striatal synaptosomes, a7 receptor activation has been.shown
to enhance depolarizing stimulus evoked [*H]-D-aspartate
release [61,62]. Application of choline alone, an 7-specific
agonist, also induced [*H]}-D-aspartate release from rat
frontal cortex synaptosomes. The role of a7 was confirmed
by the a-BGT blockade of the choline-induced responses
(62]. Slice preparations, which better maintain the integrity
of the neuronal circuitry, have shown that an a7 component
is involved in [*H]-dopamine release in striatal slices
induced by high concentrations of nicotine [63]. Blockade by
an jonotropic glutamate antagonist implicated a7-mediated
glutamate releasc in this effect.

Schilswom and  colleagues have used in vivo
microdialysis to identify the role of a7 in the VTA. Initial
work showed that dopamine release in the nucleus
accumbens, in response to systemic nicotine, may be blocked
by infusion of MLA in the VTA [64]. Subscquent
microdialysis studies in the VTA confirmed nicotinic
enhancement of glutamate and aspartate release in this area
[65].

'3.3. Behavioral Characterization

Use of non-selective nicotinic agonists and a7-selective
antagonists has allowed detailed characterization of o7
nAChR at the receptor and cellular level. /n vivo, infusion of
MLA in the ventral hippocampus or basolateral amygdala
causes significant working memory deficits in rats as
observed in radial arm maze tasks (66-68). However, further
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clucidation of the role of o7 nAChR in behavior has
necessitated the development of a7-specific agonists.

GTS-21 (1), which shows functional selectivity for a7
nAChR, enhances cognition in several behavioral models
using multiple species. This compound displays
effectiveness in passive avoidance in lesioned rats [69], in
the aged rat in active avoidance, the Lashley [Tl maze, and a
17-arm radial maze [70), eye-blink conditioning in the aged
rabbit [71] and delayed-matching task in a non-human
primate [Briggs ef al, 1997). GTS-21, though defined as an
a7 selective agonist, displays 100-fold greater binding
affinity for the adB2 receptor, toward which it acts as an
antagonist, and induces dopamine relecase from rat striatal
slices (72). In vivo efficacy of other nicotinic compounds,
that display improved a7-specificity over GTS-21, is needed
10 confirm the usefulness of these models in the development
of a7 ligands.

Schizophrenics display a sensory processing deficit that
can be measured by auditory cvoked potentials. This deficit
may be modeled in DBA/2 mice, fimbria-fomix lesioned rats
and isolation reared rats. GTS-21 improves auditory gating
deficits in these animal models, and blockade by a-BGT
confirmed the o7 mechanism of the GTS-21 effects [73-76).
Recently, sensory gating has been used to show the in vivo
efficacy of other a7-specific compounds 62 and 98 {48, 77)
(see chapter 5, Table 2).

In auditory gating, measurements of the ‘evoked
potentials are made using electrodes.implanted in the CA3
region of the hippocampus. Another paradigm used to model
the sensory deficits of schizophrenia is Prepulse Inhibition
(PP1). In this model, auditory pulses are used, and physical
startle measured by the magnitude of deflection of the
animal in a startle chamber. Cilia and colleagues [78]
recently demonstrated the effectiveness of an o7 selective
agonist 77 in reversing PPI deficits in isolation-reared rats.

The high level of expression of a7 nAChRs in the
hippocampus, the involvement of the hippocampus in
memory formation and the effect of MLA blockade on
working memory suggest that a7 nAChR agonists should
have memory enhancing. potential. AR-R17779 (29, see
chapter 5), an a7 selective agonist, improves scopolamine-
induced deficits in social recognition, and also shows
improvement when employing a 24-hour retention interval in
unimpaired animals [79]. MLA reversed thc AR-R17779
improvement in unimpaired animals. In an 8-arm radial maze
model, repeated doses of AR-R17779 improved long-term
learning and attenuated working memory deficits in rats
[80].

Recently, Sanofi reported the effectiveness of another a7
selective agonist, SSR180711A, in scveral cognitive modcls.
This agonist displayed effectiveness in object recognition
paradigms for long-term and chemically-induced (MKB801 or
PCP hypersensitization) short-term  episodic memory
(81,82]. SSRI80711A (9, see chapter 5) also displayed
effectiveness in Morris Water maze models for reference
memory (scopolamine-induced deficit) and working memory
(MK-801-induced deficit).

The effectiveness of o7-selective agonists in the
aforcmentioned behavioral models supports the therapeutic
potential of a7 agonists for memory impairment and sensory
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deficits associated with schizophrenia. If the recent rate of
a7-related publications is indicative, the number of -
selective ligands will continue to rapidly increase. Studies on
these compounds will provide further verification of the
relevance of the current models for a7 nAChR compound
development, and, hopefully, illuminate new animal models
indicative of the therapeutic potential of «7-selective
ligands.

4. THERAPEUTIC POTENTIAL
4.1. Cognitive Impairment

Alzheimer's discase produces a devastating decline in
mental function, with profound effects on learning and
memory. Early consequences of the diseasc include the
specific loss of cholinergic neurons in brain, diminished
cholinergic signaling, and the accumulation of B-amyloid
peptide in neuritic plaques. Of the nicotinic acetylcholine
receptors at risk, the most critical may be those containing
the a7 subtype of nAChRs, because they arc widespread,
have a high relative permeability to calcium, and regulate
numerous cellular events in the nervous system. Because a7
nAChRs in the central nervous system are thought to have
numerous functions and recently have been implicated in
learning and memory, impaired receptor function in this case
may contribute to cognitive deficits associated with
Alzheimer's disease [83). A novel a7 agonist TC-1698, has
been shown to provide neuroprotection against Af through
an effect on the JAK2/PI-3K cascade {84].

The involvement of nAChRs and particularly the a7
subtype in cognitive impairment in schizophrenia has been
suggested based on a few observations:

- The high incidence of smokers among schizophrenic
patients (85,86].

- The decrease in o7 nAChR in postmortem
hippocampus of schizophrenic subjects in comparison
with controls [87].

- Schizophrenic patients have high levels of nAChR
' antibodies, which may contribute to the nicotinic
deficit [88,89].

- Diminished auditory sensory gating in schizophrenia
is thought to reflect a genetic abnormality in the
cholinergic system; the P50 gating deficit has been
linked to a locus at the a7 nAChR gene (CHRNA-7)
[90}.

- Compared lo most other strains of mice, the DBAR2

mouse has genetically decreased levels of a7 nAChR
in the CA3 region and impaired auditory gating (76}.

- The most effective medication in the treatment of
tefractory  schizophrenia, clozapine, normalizes
auditory gating in both people with schizophrenia and
animal models, where an a7 nicotinic mechanism has
been demonstrated [91].

4.2, Inflammation

Recent reports define the a7 nAChR as an essential
regulator of inflammation (92]. a7 nAChR full agonists have
been proposed for treatment of inflammatory diseases via

Mazurov ei al.

reduction - of tumor necrosis factor {(TNF-a) release from
macrophages [93]. /n vivo treatment with nicotine has been
reported to modulate an inflammatory pathwiy through the
o7-stimulated suppression of HMGB1 secretion, thereby
improving survival in models of sepsis [94]. These results
suggest that selective nicotinic agonists for the a7 nAChR
might have therapeutic potential for the treatment of sepsis.

4.3. Fibromyslgia Syndrome

Agonists at @7nAChRs have been proposed for treatment
of fibromyalgia syndrome, a complex chronic condition that
causes widespread muscular pain and profound fatiguc [95].
The concept has becn built on the discovery that the 5-HT;
receptor antagonist tropisetron is a potent and selective
partial &7 nAChR agonist [96]. Tropisetron is available for
the treatment of emesis and displayed pharmacological
effects different from other 5-HTj receptor antagonists.
Reported statistically significant reduction in symptoms of
fybromyalgia patients after trcatment with tropisetron has
been associated with the a7 nAChR.

4.4, Miscellaneous

Recent experiments with choline demonstrates that
activation of 7 nAChRs elicits antinociceptive effects both
in an acute thermal pain model [97] and in an inflammatory
pain model [98). Synergistic antinociceptive interaction was
obtained from coadministration of choline and morphine.
These observations might rationalize development of
potential non-addictive analgesic and anti-inflammatory
drugs. a7 nAChR appears to play no role in the abuse
liability of nicotine. The a7 receptors are not involved in the
hyperlocomotor and rewarding cffects of nicotine 991.
Agonists at the &7 subtype have been proposed for treatment
of glaucoma, macular degeneration and diabetic retinopathy
through a neuroprotective and antiangiogenic nicotinic
mechanism [100].

5. MEDICINAL CHEMISTRY STRATEGIES

For many years the rescarch on and development of
ligands for nAChRs werc largely focused on sclectivity for
«4p2, the most abundant in the CNS subtype. Recent
increasing interest in the a7 nAChR has fucled development
of novel selective ligands for this subtype as well. [n contrast
to difficulty often encountered in the search for selective
04f2 ligands, high nAChR subtype selectivity has been
rclatively easily achieved in a7 ligands.

Analogues of the marine worm toxin anabaseine
[101,102] were reported as the first “functionally” selective
agonists for the o7 subtype since these compounds partially
activate the rodent o7 nicotinic receptor and are antagonists
at all other nAChRs. The therapeutic potential of this series
is compromised by the lack of binding selectivity. For
cxample, 3-(2,4-dimethoxybenzylidenc)anabascine (GTS-21,
1; 04f2 K; = 19 nM, a7 K; = 210 nM) [72] possesscs a
higher affinity for the a4f2 receptor, toward which it acts as
an antagonist [103] and failed to show a satisfactory
pharmacokinetic profile in the arcas of bioavailability and
brain permeability. Regardiess of its weak potency (ECso =
gl uM) and low efficacy (Emu = 50%), GTS-21 was -
offective in rodent cognitive models. Experiments with GTS-
21 have revealed the lack of its effect upon the nicotine cuc,
suggesting o7 agonists arc not involved in the addiction
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liabilities of nicotinic compounds {104]. Extension of the
conjugated system in position 3 of the tetrahydropyridine
ring along with incorporation of a p-dimethylamine group
(2) significantly improved affinity [101].

5.1, Pharmacophoric Elements of Selective a7 nAChR
Ligands

A pharmacophore is generally considered to be the
minimum ensemble of molecular elements necessary for
binding to the receptor. nAChR pharmacophore models
{105] typically identify three pharmacopharic elements, a
cationic center, a hydrogen bond acceptor and a hydrophobic
group. The binding of many relatively unselective ligands
can be rationalized using a rather simptlistic model composed
of one of each of these elements. However, this model is less

helpful in explaining subtype selectivity, particularly in the
case of o7 ligands. In this review, the traditional three
element framework will be used as an organizing tool, but
the diversity, which exists in each of these three elements,
will be examined separately, in an attempt to identify
relationships leading to selectivity (see Table 1).

5.1.1, Cationic Centers

Acetylcholine receptors are typically divided into two
receptor families: muscarinic and nicotinic acetylcholine
receptors. Various synthetic muscarinic ligands mimic the
cationic quaternary ammonium part of acetylcholine with
quinuclidine (1-azabicyclo[2.2.2]octane). Quinuclidine has
been the most abundant scaffold for the construction of
nicotinic ligands as well, with significant emphasis on a7

Tabfe 1. Representative Groups in the &7 nAChR Pharmacophore: CC-Cationic Center, HA-Hydrogen Bond Acceptor, HP-
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nAChRs. Its basic nitrogen, occupying a bridgehead position
within an azabicyclic system, allocates maximal electrostatic
interaction combined with minimal steric demand. Owing to
the strong basicity of quinuclidine derivatives (pK, ~ 10-11),
a7 ligands exist in physiological conditions in cationic form
with a well-defined orientation of the proton.

The 3-substituted 1-azabicyclo[2.2.2]octane moiety has
proved to be a valuable scaffold for generation of potent 0.7
nAChR ligands [106] with stereochemical preference at the
3-postion for the R-enantiomer [107]. The stereospecificity
of binding to @7 nAChRs is dramatically evident in the
example of an enantiomeric pair of l-azabicyclo[3.2.1]
octane-based ligands (3 and 4) [108], the l-azabicyclo[3.2.1]

octane ring system being isomeric with quinuclidine. Gene- -

rally, incorporation of small (methyl) (6) {108] or large
(benzy!) (8) groups [109] in position 2 of the azabicyclic ring
is detrimental to affinity.

Numerous azabicyclic systems have been disclosed in the
patent literature [110-116] as altematives to quinuclidine
(Table 1). However, some of those require multi-step synth-
esis and create additional stercogenic centers. Invariably the
azabicycle provides not only the cationic center, but also
some spacer (typically two or three carbon atoms) between
the protonated nitrogen and point of attachment of the
hydrogen bend acceptor and/or hydrophobic fragment. This
characteristic is also present in the 14-diazabicylo[3.2.2)
nonane scaffold, which can be obtained from commercially
available quinuclidin-3-one” in three steps via Beckman
rearrangement. Absence of a stereogenic center makes its
derivatives advantageous for development. 4-(p-Bromo-
phenyloxycarbonyl)-1,4-diazabicylo[3.2.2}nonane (9), the
partial agonist SSR180711A (ra7 K; = 50 oM, ha7 K; = 78
nM, ECso = 0.8 UM, Enyx = 38%), potentiates glutamatergic
transmission in mouse hippocampus {117}, up-regulates a7
nAChHR (increases [*H]-a-BGT binding sites in vitro and in
vivo) [118) and is active in experimental models predictive
of therapeutic activity on cognitive symptoms of
Alzheimer’s discase [82] and schizophrenia [81] (Table 2).

Mazurov et al.

Table 2. Seclective &7 nAChR Agonists Effective in
Behavioral Models

“12:53“ Behavioral Madel Ref.
9 Object Recognition Task in rats (81,82)
9 Morris Water Maze in mice” [81,82]
9 Selective Attention Task in rats {81}
29 Radial Arm Maze Model in rats {80}
29 Social Recognition Test in rats [79}
54 Auditory Sensory Gating Model in rats {138]
66 Auditory Sensory Gating Model in rats (W) ]
7 Prepulse Inhibition {78]
98" Auditory Sensory Gating Model in rats {48)

positive allosteric modulator.

A comparison of a7 nAChR ligands, which differ only in
the cationic part of the molecules, has been reported by
Macor et al. [96]. Quaternization of tropisetron (10) results
in reduction of efficacy for its derivative 11, while replace-
ment of 8-azabicyclo[3.2.1]Jheptane with |-azabicyclo[2.2.2)
octane afforded an a7 nAChR agonist 12 with greater
intrinsic agonist activity. The 5-HTy receptor antagonist
tropisetron was studied extensively in human clinical trials
and is available on the market for the treatment of emesis. Its
safety profile {119] can be interpreted as demonstration of
the safety of an a7 nAChR agonist as well.

Incorporation of an endocyclic double ‘bond weakens
basicity of the nitrogen in 1-azabicyclo[2.2.2]oct-2-ene (pK,
~ 8-9). Nevertheless, the modification of the ring does not
reduce interaction with the receptor: the affinity of 3-
{naphth-2-yl)quinuclidine (13) is almost three fold less than
its unsaturated analog 14 [120). Tropene derivative 15 [121]

- with the double bond remote from cationic center exhibits

i ) 0 al
NH r )N @/N
N N : 0
N
3 s
K;= 18 nM K;= 1000 "M K; =27 oM
ECsp = 154 nM
o1
D !
0
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@T o N Br '
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K, = 65-140 aM Ki= 40 nM K; = 838 aM
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K;= 50 nM Ki=6.90M
ECso= 0.8 M ECsp= 1.3 M
Emu = 38% Eomar = 36%

o T8 @78 o0

i1 12

K;=6.4nM Ki=23nM
ECso= 280 uM ECsp = 580 uM
Emax ® 13% Emax = 42%

good affinity as well. The effect of quaternization on affinity
varies, as can be seen in the cases of t-azabicyclo[2.2.2]oct-
2-gne- and tropene-based ligands. N-Methylation of 1-
azabicyclo{2.2.2]oct-2-ene derivative 16 increases the 1Cso
more than three times (compound 17). However, addition of
second methyl group to the tropenc scaffold of 18 augments
the affinity by two orders of magnitude (compound 19)
(122).

In contrast to a7 nAChR ligands containing an
azabjcyclic system as a cationic center, the corresponding
azacyclic (pyrrolidine, piperidine) analogs display much
lower affinity [123]. ’

oxygen drastically diminishes affinity (compound 22),
probably, because of obstruction of interaction between the
hydrogen bond acceptor (oxygen atom) and the receptor.

5.1.2. Hydrogen Bond Acceprors

Oxygen-conlaining hydrogen bond acceptor moicties
(Table 1) are common, if not essential, structural elements in
selective o7 nAChR ligands.

Tropisetran (10) containing ester moiety is described as a
partial «7 nAChR agonist, and quinuclidin-3-yl benzoate
(24) [125,126] has been reported as a ligand for both
nicotinic and muscarinic rat brain receptors. Comparative

1Cs0 = 150 nM 1Csp = 58 nM

Z
| 1

N« {Cso = 600 nM
J

oo

1Cso = 320 nM ICsg=20nM

{Cso= 18 nM N ICso = 180 nM

Choline as a cationic site has been explored by Gotti ef
al. [124] and Gundisch er al [123]. Binding of choline
phenylcarbamate (20), containing a positively charged
quatemary ammonium fragment, is comparable with
quinuclidine carbamate 7. Aryl ether 21 has shown excellent
selectivity for &7 nAChR over the 042 subtype (a4p2 Ki/
o7 K; = 180). Methylation of the carbon adjacent to
quatemary nitrogen decreases affinity only modestly

_ (compound 23), while methylation at the position next to

study of various hydrogen bond acceptor groups in the series
of carbamate 25, urea 26, amide 27, and sulfonamide 28 has
been undertaken by Mazurov er al. [109]. Results of binding
assays revcaled little difference between the first three
selective o7 nAChR ligands suggesting a putative
contribution of the carbony] moiety in interaction with the
receptor. The bulky sulfonamide group impedes approach of
the molecule to the binding site resulting in diminution of
affinity.

o]
LA i
ﬁ 0/\/,\

20
Ki =39 nM

I\ O S

R! R?

/
21 R'=R¥*a H,K;=55nM
22 R! = Me, R? = H, K; = 26500 nM
23R! =H, R? = Me, K; = 109 nM
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2 27
K;=9 nM Ki=7nM

29X =NH, Y=0,Ki=92nM

0 X=Y=0,K=560nM

31 X =0, Y = NH, K; =>4300 aM

32 X =CH,, Y = 0, K; = 3700 nM

33 X = NH, Y = CHj, K; = 4000 nM
34 X =Y = NH, K; >13000 nM

35X =NMe, Y =0,K;=220nM

36 X = CHaNH, Y = O, K; = 23000 nM

The conformationally restricted carbamate 29 (AR-
R17779), firkt reported by Gordon ef al. [127], was reported
by Mullen et al. {128] to be the first full agonist (ECso = 21
UM, Enux = 96%) at the rat o7 nAChR subtype in cocytes
" with selectivity for the a7 (K; = 92 nM, ['*I] a-bungarotoxin
binding assay) versus the 04p2 subtype. Compound 29 also
lacks noncompetitive antagonist activity.

Eli Lilly laboratories have disclosed results for AR-
R17779 obtained using human recombinant nAChR subunit
combinations expressed in GH4 cells {129]. In terms of
potency, 29 (K; = 420 nM, MLA radioligand binding assay;
ECsg = 420 nM, Emy = 93%) is comparable to GTS-21 ().
In contrast to the series of 25, 26, 27 (with acyclic carbonyl
functionalities), attempts to modify the cyclic carbonyl
functionality cause substantial reduction or loss in o
receptor affinity. Transformation of carbamate 29 into
carbonate 30, reversed carbamate 31, lactone 32, lactam 33,
or urea 34 provides compounds ranging from moderate
affinity (560 nM) to completely inactive. Incorporation of a
methy! group into carbamate 29 reduces its binding to &7
and tumns it into 8 non-selective ligand (35) with equal
affinity towards both a7 and 42 nAChRs. Expansion of
the 5-membered ring to the corresponding 6-membered (36)
urned out to be delcterious as well. A clear stercogenic
preference is observed for the (-) (29) versus the (+)
cnantiomer, which binds with more than onc hundred times
less affinity.

Despite the poor pharmacokinctic profile [129] and
mediocre efficacy, 29 served as invaluable tool for in vive
assessment of a7 nAChR function validating a link between
its activation and a variety of biological effects. AR-R17779
(29) has been shown to enhance leaming and memory

function in rats in a radial arm maze model [80] and social

recognition test {79}, but has failed to improve performance
in 2 model of attention {130}. AR-R17779 (29) and GTS-21
(1) have no effect on auditory gating using a prepuise
inhibition of the acoustic startle response (relevant to sensory
deficits in schizophrenic patients [131]), while epibatidine
predominantly augmented it {132).

In contrast to attempts to modify spiro-lactam 29 by
replacement of nitrogen with oxygen in compounds 30 and
31, it has been shown that the spiro-oxazolidihione moiety, as
hydrogen bond acceptor, can be replaced with a 13-
dioxolane fragment to give compound 37 [133]. Further
optimization of quinuclidine ketals might be limited by.
potential metabolic instability and poor synthetic yield.

Linear oxygen-containing linkers are more amenable to
adjustment, providing a diverse set of selective a7 nAChR
ligands as 38 [134], 9, 39 [135], 40 [136].

The length and nature of the linker between the
quinuclidine and hydrophobic part of a scries of a7 nAChR
ligands have been studied by Tatsumi e al. [126]. Two-atom
spacers were found to provide optimal binding to the
receptor. However, ether (S§)- 41 has shown poor
bioavailability, and both enantiomers 45 demonstrated slight
and no agonistic activity. Compound (+)-44, on the other
hand, shows dose-dependent agonistic effects, which are’
more potent than thosc for GTS-21 (1). Obtained data
suggest an essential role of the carbonyl moicty as a potential
hydrogen bond acceptor for efficacy of selective nAChR
ligands.

The effect of a second hydrogen bond acceptor site has
been demonstrated by diversification around a combination
of 2-position and 3-position substitutions of the quinuctidine
scaffold [137].
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2-Heteroarylmethyl quinuclidines 25, 48 and 49
containing a B-nitrogen atom are favored over benzyl (8)
derivatives, and steric constraints restrict substitution on the
heteroaryl ring. The contribution of this second hydrogen
bond acceptor moiety is significant (one-two orders of
magnitude increase of affinity), as can be seen by
incorporation of pyridin-3-ylmethyl into p-chlorobenzamide
5, resulting in improvement from K; = 27 nM to K; = 0.28
nM (for 50). The presence of the sccond hydrogen bond
acceptor does not adversely affect agonistic activity, the 3-
(pyridin-3-ylmethylquinuclidine amides being selective a7
nAChR agonists, as exemplified by 51.

41 X = OCH,, ICs0 = 59 nM

XS 42X =CO, IC5p =950 nM
\ 43 X = CHa, ICsp = 110 0M
44 X = CH,CO, ICsg = 150 nM
45X = (CH1)3. ICso = 23 nM
. 46 X = (CH1,CO, IC5q = 1700 aM

47 X = (CHyh, ICs0 = 370 nM

$.1.3. Hydrophobic Elements

Incorporation of a hydrophobic moiety, which is cither
directly attached to the cationic nitrogen containing moiety
or attached via a hydrogen bond acceptor, enhances binding
properties of @7 nAChR ligands. Although N-methytation of
spirooxazolidinone 29 has led to disappearance of its
selectivity and has reduced binding affinity, substitution with
a S-bromothiophene ring results in compound 55 with K; = 4
nM [138]. A clear stereogenic preference can be seen for the
(R) versus the (S) enantiomer in this series. Pharmacokinetic
profiling of compound 54 in rats indicates good oral
bioavailability (52%) and high brain permeability (Cs/Cp =
59 at 10 mgkg po). It also reduces MK-801-induced
auditory gating deficit.

Lipophilic analogs 56-58 [139,140] of AR-RI7779 (29)
maintain a7 nAChR selectivity and demonstrate excellent
improvement in affinity. Extension of the hydrophobic
fragment modulates interaction with the receptor, which was
optimized by synthesis of dihydrofurcpynidine 58
Compound 56 is equipotent at human recombinant a7
receptors {141} and 5-HT, receptors, ligand gated ion
channels with approximately 30% homology with the o7
receptor. The 5-HT, cross-reactivity has been circumvented
{129] by replacement of phenyl ring in 56 with
aminomethylpyridine fragment to obtain 59 {142].

Distribution of electron density in the hydrophobic part
of a7 nAChR ligand is essential for n-interaction with the
corresponding binding site. This can be optimized by two
methods: variation of substituents in aromatic rings or
alteration of the heteroatom position in heteroaromatic
systems. Among substituted N-quinuclidiny! benzamides
[107], o-derivatives arc very poor agonists (61) or practically
inactive (62). m-Substituted amides, as 63 and 65, have
shown improvement in a functional high-throughput
screening assay using SHEP cells expressing the a7-5-HT,
chimera. The p-substituted analogues 64, 66 are the most
active, Compound 66 (PNU-282987) restores amphetamine-
induced sensory gating deficit, determined by auditory-
evoked potentials in the hippocampal CA3 region, by
systemic administration in chloral hydrate-anesthetized rats.
Hajés et al. [77] proposed that PNU-282987 improves
auditory gating via modulating/enhancing hippocampal
GABAergic neurotransmission.

Substitution of the p-chlorophenyl in 66 with
benzoxazole provides a compound 67 with similar affinity
[143]. The K; for benzodioxine derivative 68 [144) has not
been disclosed. Replacement of the phenyl moicty with
heteroaromatic mono~ or bicyclic systems is advantageous
especially when a carbonyl group is adjacent to the
heteroatom as exemplified by compounds 69 [145] 70 [146],
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71 [147), 72 [148], 73 [149], 74 [116]). In general, the
aromatic or heteroaromatic ring is conjugated with the
hydrogen bond acceptor, although, there are several
examples where the pharmacophoric elements are bridged
via one (75) [150]) or more (45, 47) [126] sp’-hybridized
carbon atoms. Again, extension of the hydrophobic moiety
by addition of a second n-electronic system yields a series of
high affinity quinuclidine amides: 76, 77, 78 [151,152], 79
{153, and 80 (111]. Noteworthy, the evaluation of 77 and 78
{154,155] in behavioral assays, including the formalin assay,
the prepulse inhibition model, the forced swim test, the
radial arm maze, has failed to produce any positive data.
However, Cilia et al. [78) recently demonstrated the
effectiveness of an 7 selective agonist- 77 in reversing
prepulse inhibition deficits in isolation-reared rats.

There are a few a7 nAChR ligands, 81 [156], 82 [157] 83
{158], 84 [159], in which a cationic fragment is directly

connected to a heteroaromatic hydrophobic  system,
described in the literature. The aromatic heteroatom
(nitrogen or oxygen) of these might contribute a hydrogen
bond acceptor interaction with the receptor.

3-(Indol-3-yhquinuclidine  derivatives are  known
serotoninergic ligands. Compounds 85 (160} and 86 [161)
have been claimed as mixed ligands for nAChR, 5-HT; and
5-HTs receptors. .

Inclusion of what would typically be described as a
hydrogen bond donor group, at the appropriate position in
the hydrophobic part of an o7 nAChR ligand, can lead to
high affinity. Compounds, containing terminal hydroxyl (87)
(135), amino (88), carboxyi (89) [162] or urea (90, 91) [163]
moieties, have been claimed as o7 ligands, although no
information about their functional activity was provided.

—

63 R » m-OMe, ECs = 2200 nM
64 R = p-OMe, ECso = 360 nM
65 R = m-Cl, ECgp = 1500 nM
66 R = p-C), ECsp= 128 aM; K;= 27 nM N
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5.2. Selective Antagonists

Although selective a7 nAChR full and partial agonists
have been quite well explored, especially in the
pharmaceutical industry, selective a7 nAChR antagonists
would be valuable as pharmacological tools and may also
prove to have therapeutic value. Many o7 nAChR agonists
rapidly desensitize the receptor at much lower concentrations
than is required for activation. Therefore, the compounds
could perform as functional antagonists [129]. [t might be
expected that a desensitizing ®7 nAChR agonist and an o7
nAChR antagonist would have similar pharmacology.

Methyllycaconitine (MLA) (92), a diterpenoid alkaloid
isolated from Delphinium brownie, and a-bungarotoxin, a 75
amino acid peptide isolated from venom of Bungarus
multicinctus, are potent and selective natural @7 nAChR
antagonists. Efforts to modify MLA have been undertaken
with the purpose of investigating the structural basis of its
potency and subtype selectivity [164-167]. Obtained results
define the norditerpenoid core of MLA as the major
determinant of a7 nAChR selectivity, and establishes the
prim¢ importance of the 2-(methylsuccinimido)benzoyl

subsituent for nicotinic potency. A structurally less complex

analog of MLA, 93 [168] has been identified by replacement
of the hexacyclic structural fragment with simple N-
substituted piperidine. Compound 93 inhibits nicotine-
stimulated catecholamine release at micromolar concent-
ration, being almost as efficacious as MLA.

Mazurov et al.

5.3. Positive Allosteric Modulators

Under conditions of continuous exposure, such as
chronic drug treatment, selective a7 nAChR agonists may
have a relatively narrow effective dose range, limited to the
region of overlap in which the reccptors are activated but not
fully desensitized [48]. A different treatment strategy would
be to administer a nicotinic positive allosteric modulator that
can reinforce the endogenous cholinergic neurotransmission
without its direct stimulation [169]. Unlike agonists,
allosteric modulators do not directly activate or desensitize
ligand-gated receptors but enhance the sensitivity and/or
efficacy of the receptor during agonist activation, probably
by stabilization of its activated conformation.

Several positive allosteric modulators of &7 nAChR have
been described, including S-hydroxyindole (94) (53], and its
derivatives, as 95 [170] and 96 [171], cyclopentanoquinoline
analogues (97) [172], ivermectin [173], serum albumins
[174], secreted mammalian Ly-6/uPAR-related protein
[175], and a peptide fragment of acetylcholinesterase {176].
All of these compounds potentiate the peak agonist-cvoked
response mediated by the a7 nAChR. Piotrowski e al. [177]
and Hurst et al. {48] reported the novel synthetic positive
allosteric modulator PNU-120596 (98), which not only
increases the potency and efficacy of agonists but also
dramatically prolongs the duration of -agonist-evoked
response, [t increases the frequency of acetylcholine-evoked
GABAergic postsynaptic currents measured in pyramidal

97 98
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neurons, an effect which is suppressed by TTX, suggesting
that 98 modulates the function of a7 nAChRs located on the
somatodendritic membrane of hippocampal intemeurons.
PNU-120596 has no detectable activity when applied alone.
Prominently, systemic administration of PNU-120596
improves auditory gating in rats impaired by amphetamine.
Similar to 98, ureas (99) have been claimed by Piotrowski e/
al. [178].

6. RADIOLABELED IMAGING LIGANDS

a7 nAChRs are implicated in a wide variety of
pathologic states including Alzheimer's discase [179] and
schizophrenia [180]. These observations prompted explora-
tion of a7 nAChR radioligands, which would be applied in
positron emission tomography (PET) and single photon

‘emission computed tomography (SPECT) to visualize the

receptors in: human brain during treatment of patients.
Though the number of 04B2 nAChRs is decreased in
Alzheimer's disease, the number of a7 nAChRs remains
largely intact and therefore available for binding new
therapeutic agents [179]. '

A few radiolabeled selective a7 nAChR ligands have

- been described in the literature. '**l-a-bungarotoxin (181]

and *H-methyllycaconitine [182] have been utilized most
commonly for in vitro and ex vivo characterization of the
receptor. The “functionally”-selective anabaseine derivative
100 [183) has not demonstrated regionally sclective binding
in vivo, Navarro ef al. {184] have shown encouraging in vivo
biodistribution studies of '**I-methyllycaconitine in rats,
despite the rapid clearance and poor brain penetration.
Quinuclidine carbamate 101 [185] has exhibited a relatively
good brain uptake (0.8-1.2% 1.D./g tissue- in various brain
regions), but without preferential concentration in brain
regions rich in a7 nAChR (e.g. hippocampus, pons and
colliculi). Recently, Pomper et al. [186) have published four
potential imaging ligands 102-105. Only compound 105 has
shown promising results with brain uptake (2.5%), higher
uptake in the hippocampus and superior colliculus than in

nontarget sites, and definite site-selective blockade.
Unfortunately, it is not entirely clear whether it was the a7
nAChHR or the S-HT; receptor binding sites that were blocked

- because of the low binding selectivity of 105 for a7 over 5-

HT;. ,
7. CONCLUSION

In less than a decade, the o7 nAChR has become the
most intensely studied nicotinic acetyicholine receptor
subtype. A series of selective nAChR agonists have been
developed as potential candidates for the treatment of
schizophrenia, cognitive disorders (including Alzheimer’s
disease), and inflammation. Despite early skepticism
centered ‘around the rapid desensitization of the a7 nAChR
and the hypothesis that agonists acting might not be
functional agonists in vivo, some of them have already been
advanced to clinical trials. Further development of allosteric
modulators and pharmaceutically relevant antagonists might
expand the therapeutic potential of a7 nAChRs.
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Selective o7 Nicotinic Acetylcholine Receptor Ligands
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Abstract: Neuronal nicotinic acetylcholine receptors (nAChRs) are ligand gated ion channels of broad distribution and
structural heterogeneity. Their functional diversity demonstrated involvement in a variety of neuronal processes (¢.g.
sensory gating and cognitive function) and gencrated great interest in them as targets for therapeutic intervention in a
number of neuropathological conditions and discases. In order to control distinct nicofinic functions pharmacologically, it
is important to design ligands that selectively interact with distinct receptor subtypes in such a way as to maximize the
therapeutic effect and minimize the adverse effects. The a7 nAChR, a CNS subtype, has been the.most intensively studied
nAChR in recent years. Selective o7 nAChR agonists have been developed ss potential candidates for the treatment of
schizophrenia, cognitive disorders (including Alzheimer's disease), and inflammation. Despite carly concems that the
rapid desensitization property of the a7 nAChR would limit their therapeutic potential, several have alrcady been
advanced to clinical trials (e.g., PH-399733, Pfizer, MEM 3454, Memory Pharmaceutical/Roche). Further development
of allosteric modulators and pharmaceutically relevant antagonists might expand the therapeutic potential of compounds
that target a7 nAChRSs. In this review we briefly describe the structure and function of the &7 nAChR and its in vitro and
in viva pharmacology, discuss the clinical relevance of these efforts, and review the current progress in a7 ligand
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development.

Keywords: o7 neuronal nicotinic acetylcholine receptors (nAChRs), a7 selective nicotinic ligand, quinuclidine, allosteric

modulator, radiolabeled imaging ligand.

1. INTRODUCTION

Neuronal nicotinic acetylcholine receptors (nAChRs)
cxist-as several subtypes and are involved in a variety of
disorders. Their putative functional diversity stimuiated the
development of subtype-selective ligands as potential
therapeutics for the (reatment, of neuropathological
conditions and diseases. In order to be able to control
distinctive nicotinic functions pharmacologically, it is
important to design ligands that selectively interact with a
distinct receptor subtype in such a way as to maximize the
therapeutic effect and minimize the adverse effects.

The o7 subtype has been the most intensively studied
nAChR in recent years. Structural and pharmacologic
examination and the design of ligands for this receptor are
areas of expanding effort. Over 1000 manuscripts describing
a7 research have published in the last five years, and a
growing number of patent applications for @7 nAChR
ligands, ailosteric modulators and uses thereof demonstrates
interest by the pharmaceutical industry. The advancement of
some of these agents into clinical trials (e.g., PH-399733,
Pfizer;, MEM 3454, Memory Pharmaceuticals/Roche)
provides further encouragement that the o7 target is worthy
of pursuit.

2. MOLECULAR BIOLOGY
2.1. Structure and Ligand Interaction

nAChRs are pentameric ligand-gated ion channels. The
o7 nAChR is homomeric, consisting of five 7 subunits {1].
The o7 subunit has also been shown to form functional

*Address comespondence to this author at the Targacept, Inc., Winston-
Salem, North Carolina 27101, USA;
E-mail; Anatoly.Mazurov(@targacept.com

0929-8673/06 $50.00+.00

receptors in vitro with B2, however we will limit our
discussion to homomeric a7 receptors. The human a7
subunit is approximately SOkD in size and composed of 502
amino acids, including a 22. amino acid signal peptide (Fig.
1). The molecule can be subdivided into an N-terminal
domain and a transmembrane domain. The N-terminal
domain is extracellular; composed of approximately 200
amino acids that form ten P strands, and is involved in
forming the ligand-binding domain (LBD, Fig. 2a). The
transmembrane domain is composed of four alpha helices
that cross the lipid bilayer and form the ion’channel.

The subunits interact at multiple sites. In the extracellular
domain, the positive face of one subunit interacts with the
negative face of an adjacent subunit to form the ligand-
binding pocket. On the positive face, loops A, B and C have
been shown to be involved in forming the LBD (Fig. 2b). On
the negative face, loops D, E and F contribute to the binding
region (2]. The pentameric architecture of a7 presents five
potential ligand-binding sites.

Recent studies with the acetylcholine binding protein
(AChBP) from the snail Lymnea stagnalis have provided
atomic scale resolution of the protein’s structure and a
framework to model the &7 nAChR extracellular domain [2].
Using the AChBP framework and defining residues within
SA of N-(2-hydroxyethyl)piperazine-N'- (2-cthanesulfonic
acid) (HEPES) scen in the AChBP crystal, Chou [3] has
defined the a7 specific residues that are in close proximity to
the ligand binding rcgion and that may interact with bound
ligands. On the positive face of the LBD, the residues arc
Tyr® in loop A, Ser'®®, Trp'*’ and Ser'™ in loop B and
Tyrm. Cys' ,Cysm and Tyr' in loop C. Contributing from
the negative face of the LBD are T 53 from loop D and
Val'®, Val'®, GIn'"?, Tyr'™ and Leu'" from loop E (Fig.
2b).

© 2006 Bentham Science Publishers Ltd.
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o BSignal peptide _,

human_a7 KLYKBLVENYNPLRRPVANDS 16
achbp DILYNIRQTSRPDVIPTORDR 25
rat_a7? RLYXELVXNYNPLERPVANDS 26
chick_a7 XLYKELLKNYNPLERPVANDS 26
murine_SHT3 TQEDTTQPALLRLSDHLLANYKKGVRPVRDWR 37
83
v L .
human_a?7 QPLTVY?SLELLOIMDVDEKNQVLTTN ¥LOKEWYDHYLQWNVSEYPGVETVRYPDGQIM 86
achbp - PVAVSVSLKFINILEVNBITNEVDVVEHOQTTHEDR TLAWNS SHS P~ -DQVSVPISSIN 82
rat_a? QPLTVYFSLSLLQINDVDEKNQVLTTN IDHYLQWINMSEY PGVKNVRFPDGQIM 86
chick_a? QPLTVYPTLSLMQIMDVDEIQNQVLTTN IOHYLOWNVSBY PGVKNVRFPDGLIM 86
murine_SHT3 KPTTVSIDVIMYAILNVDEKNQVLTTYX *JDBFLQWT PEDFDNVTKLSIPTOSRY 97
’
03 . 89
human_a?7 APGIFXSSCY IDVRWFP PDVQHCKLE? 146
achbp HSTRQRFSCDVSGVDTESGAT-CRIKI 140
rac_a? PGT FKSSCY IDVRWFPFOVOQCKLKF 146
chick_a? HPGIFKSSCY IDVRNFPPDVQKCNLKF 146
murine_SHT3 JPLOLVTACSLDIYNFPFDVONCSLTE 156
human_a7 200
achbp 197
rat_a? 200
chick_a?7 200
murine SHT3 218
™D I C, c ™ IX
v N v hd
human_a? ﬁn&nmmnnmxmmmmsm:amxmszmm 260
achbp SLMFRKKGREEIL- === - ==scmmmmcsnansmsnnsssmnn - L I
rat_a? TYTMRRRTLYYGLNLLI PCVLISALALLVFLLPADSGERISLGITVLLSLTVFMLLVAET 260
chick_a7?7 'r,v,maanncmuxpmxsmwuemscsxrsmxm&nwmvmx 260
murine_SHT3 YVIIRRRPLFYAVSLLLPSIFLMVVDIVGFCLPPDSGERVSFKITLLLGYSVPLIIVSOT 275
—_— _TMR 111 .
human_a? MPATSDSVPLIAQYFASTNIIVALSVVVIVIVIQYEHEDPDGGEMPEXWTRVILLNWCANE 320
achbp eeeaeeemmmasasmmedsemecaseassemeaceiesaiseaceamssacanessoan-
rat_a? MPATSDSVPLIAQYFASTMI IVGLSVVVTVIVLRYHHHDPDGGKMPKWTRI ILLNHCAWF 320
chick_a?7 MPATSDSVPLIAQYFASTMI IVGLSVVVTVIVLQYHHHDPDGGKMPKATRVILLNWCAWF 320
murine_SHT3 LPATIG-TPLIGVYFVVCMALLVISLAETIFPIVRLVHKQDLQRPVPDWLRHLVLORIAWT 334
human_a? LAMERPUEDEVRPACQHEQRRCELASVENSAVAPPPASNGRLLY IGFRGLOGVHCVPTPD 380
achbp = eee--ceses;ecsecccscsessessasmnesecensmmS oSS m TRt
rac_a? LRMKRPGEDKVRPACQHKPRRCSLASVELSAGAGPPTSNGNLLY IGFRGLEGMHCAPTPD 380
chick_a7 LRMKRPGEDKVRPAQHKQRRCSL&SMBMN’WSWNGNMLYIGFRGLDGVHCI'P’ITD 380
murine SHT3 LCLGRQPMAHRPPATFQAN -~~~ - a~-mmwan-= KTDDCSGSSDLLPAMGNHCSHVGGPQDL 181
human_a7 SGVVCGRMACSPTEDERLLEOGQP PEGDPDLAKI LEEVRY IANRFRCODESBAVCEEWKF 440
achhp .............. rmamansacan wmcsasmcemne Acsanmmnn P T L L L T
rat_a? sqwmnqsmnmmmpsmmmmrmmmmszvrcsxw@ 440
chick_a7 sqvxmmsmmwmsmmmxxmmymmmosmrcumu 440
murine_SHT3 EKTPRGRGSPLPP------- «« »PREASLAVRGLLQELSSIRHFLEKRDEMREVARDNLR 431
™D IV R
human_a7 AACVVDRLCLMAPSVITI ICTIGILMSAPNPVRAVSKDPA 480
achbp ------------ e
rat_a? ARCVVDPLCLMAPSVFTIICTIGILMSAPNFVEAVSKDFA 480
chick_a? AASVVDRLCLMAFSVFTIICTIGILMSAPNFVEAVSXDFA 480
mutine_SHT3 VGYVLDRLLFRIYLLAVLAYSITLVILWSIWHYS------ 465

Fig. (1). Sequence of the human a7 nAChR compared with the a7 sequences from rat and chicken, and the sequence of the AChBP and
murine SHT) receptor. All are members of the ligand gated ion channel (LGIC) superfamily. The sequence alignments are based on a muiu-
sequence ClustalX atignment [187]. The first numbered residue in cach sequence is highlighted in green. The putative binding loops, B
strands and transmembrane domains are indicated, Loops A, B and C from the positive face of the LBD are indicated in red, and loops D, E
and F from the negative face are indicated in blue. The B strands are numbered according o the AChBP crystal structure determination {2}.
The conserved valine at position 202 is highlighted in ycliow.
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intracellular

Fig. (2). Putative organization of the a7 nicotinic receptor. (A) The
extracellular domain is composed of ten f strands {2]). Four a-
helical bundles that cross the cellular membrane constitute the
transmembrane  domain. (B) Schematic of the pentameric
architecture of the a7 receptor. The interfaces of adjacent subunits
form five potential ligand binding sites. The exploded detail shows
the residues in loops A, B and C from the positive face and loops D,
E and F from the ncgative face that may interact with ligands in the
binding domain [3].

Celie et al. [4] have recently presented the structures of
AChBP with nicotinc and carbamylcholine bound, defining
the residues that interact with these ligands in the binding
site. From this study, it is clear that there are differences in
residue contributions depending upon the ligand bound. The
loop C Tyr'® (AChBP sequence numbering) has limited
contact with nicotine but contributes aromatic contacts with
carbamylcholine, and Arg 1% in loop E only interacts with
carbamylcholine. Future studies should continue to elucidate
a7-specific interactions and define specific differences due
to affinity and ectivation (agonism or antagonism).

The transmembrane domains form the jon channel pore.
The M2 segments from each of the five subunits line the
aqueous lumen. The other transmembrane segments encircle
the M2 scgments, protecting them from the lipid bilayer
{5,6). The ion channcl contains an extraceliular charged ring
involved in ion conductance, an intraccllular charged ring

Current Medicinal Chemistry, 2006, Vol 13, No. 13 1569

defined as the charge selectivity filter, and a constriction at
the middle of the membrane that forms a hydrophobic gate
(Fig. 3a) [6-8]. The negatively charged residues at the intra-
and extracellular vestibules selectively interact with and
condugt cations through the pore. Upon agonist binding,
changes occur leading to a quaternary symmetrical twist that
opens the hydrophobic gate and allows the passage of jons
(Fig. 3b) [6, 9-11).

[}

A B Ca
Fig. (3). The ion channel pore of the 0.7 receptor. (A) The charged
residues in the extracellular ring involved in ion conductance, and
those that form the ion selectivity filter on the intracellular side are
labeled. Valine-252 and leucine-248 form the hydrophobic gate at
the middle of the membrane. (B} Upon activation, a quartenary
twist of the subunits opens the gate and allows the passage of
cations.

2.2, Activation and Desensitization

The nicotinic receptors are cation channels. Classically,
the nAChRs have been defined as sodium channels. Upon
activation, the ion pore conducts monovalent Na' ions into
the cell while allowing an efflux of K* ions. The narrowness
of the channel appeared to limit the flux of divalent cations.
However, the a7 nAChR has been shown to be highly
permeable to Ca®*, defining &7 as a calcium channel [12-14).

The Monod-Wyman-Changeux (MWC) model was
proposed forty years ago to describe the mechanistic states
of receptor ligand interactions [15]. Over time, this model
has been adapted to explain the mechanistic states of
membrane bound receptors. Fig. 4 shows the reaction
scheme, defining four potential allosteric states of the
receptor. The receptor is initially in a resting or basal (B)
state. Antagonists such as o-bungarotoxin (&-BGT) or
methyllycaconitine (MLA, 92, see chapter 5) stabilize this
state in a7 nAChR. Agonists have a higher affinity for the
active state (A) of the receptor. The symmetric quaternary
twist, previously described, opens the pore and allows ion
conductance in the active state. Upon activation, the a7
nAChR moves rapidly to an intermediate (I}, closed state and
then to the desensitized state (D) [16-18].

Desensitization is a loss of the biological response due to
agonist stimulation. Upon washout of ligand, receptors
return to the basal allosteric state. The a7 nAChR displays
fast (millisecond) onset of desensitization upon agonist
application [16]. The rapid inactivation of the receptor
caused by ligand-induced desensitization is often described
negatively. However, desensitization plays an important
physiological role in preventing cell death by excitotoxicity.
Hyperfunctional o7 receptors have been designed by
mutations in the M2 domain. Expression of such
hyperfunctional o7 receptors causes extensive apoptosis and
toxicity in the neuron-like cells SH-SYSY and IMR-32 [19)
and leads to dcath within one day of birth, when the
receptors are expressed in vivo in mice {20].
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|
inactive
Closed

D y
Descusitized
Closed

Fig. (4). Allosteric states of the a7 nAChR. The potential
transitions between the four allosteric states of the o7 receptor are
represented. The resting state of the receptor is defined as the basal
(B) state. Binding of agonists causes the transition to the active (A)
state. Once activated, the a7 receptor moves quickly to the closed,
inactive ([) state and then to the desensitized (D) state. Upon ligand
washout, the receptor returns to the basal state. Antagonists display
affinity for the basal state, preventing transition of the receptor to
the active state.

3. PHARMACOLOGY: CHARACTERIZATION OF a7
NICOTINIC LIGANDS

3.1. Radioligand Binding

The o7 nicotinic receptors were initially defined as the
low affinity nicotinic receptors in the CNS {21]. Better
characterization of this receplor was made possible with the
discovery of a-bungarotoxin (0-BGT) as a selective ligand
for the o7 nAChR in the CNS. '**1-0-BGT, displaying 2 Ky
of approximately 1nM for rat and human @7 homomers {22-
25), allowed the localization of &7 receptors in the brain and
provided a labeled ligand for competitive binding studies.

Such receptor binding studies provide the primary means
to examine the intcraction of potential ligands with the a7
receptor. The high expression level of a7 in the rat
hippocampus, 30-40 fmol/mg, has made it the tissue source
of choice for binding assays [26-28). The human
neuroblastoma lines SH-SY5Y and IMR-32, and the rat
pheochromocytoma line PC12 natively express a7 and have
been used in binding, as well as functional studies. However,
these lines also express a3 and P4 nicotinic subunit
containing receptors, complicating their usage for studying
@7 [24,29-31]). Development of recombinant cell lines
expressing functional a7 receptors has been limited and
shown to be host cell dependent [32-34]. Recent evidence
points to the need for expression of the RIC-3 gene product
for proper transport or cell surface assembly of functional a7
receptors [35,36]. With co-expression of a7 and RIC-3,
functional a7 receptors have now been expressed in the non-
neuronal line HEK-293 [37]. SH-SYSY and GH4C1 cells,
which were previously successfully transfected with a7
nAChRs, were shown to natively express RIC-3. This
finding may open the way for the development of ccll lines
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expressing pmol/mg levels of a7, on a nicotinic aull
background, to aid in nicotinic ligand characterization.

The discovery and characterization of methyllycaconitine
(MLA), the principal toxin from the seeds of Delphinium
brownii, as an o7-selective ligand has provided another
means for studying a7 receptors {23, 38). MLA, radiolabeled
with tritium, binds to a-BGT-sensitive sites in the brain and
displays a K4 of 2 nM for the rat a7 receptor (39].

3.2. Functional Assays

Binding defines only the affinity of a ligand for a single
state of the receptor and provides no information on the
agonism or antagonism of the compound. To elucidate the
effect of avid compounds upon the receptor; they must be
examined in functional assays.

3.2.1. lon Flux Assays

Ton flux assays using radioisotopic ions, such as %Rb* as
a surrogate for K', have been applied to cxaminc functional
responses at t4f32, a3f4 and muscle-type nicotinic receptors
[40). More readily adaptable to high throughput screening
are assays using fluorescent ion indicators to measure real-
time ion flux. However, even though the a7 teceptor is
highly permeable to calcium, the rapid kinetics of the
receptor limit the utility of these assay formats for studying
o7 functional responses. To circumvent this issue, mutant
and chimeric o7 subunits have been engineered to increasc
the open probability of the receptor and produce more
readily measurable responses. Bertrand and colleagues
generated a gain-of-function chick a7 mutant by replacing
the leucine at position 247 with a threonine [41,42]. Along
with increasing the open probability of the receptor, the
response to ligands was altered, limiting the use of this
mutant to predict the function of ligands at the wildtype
receptor. The L247T mutation converts serotonin from an
antagonist to an agonist, and the classical nicotinic
antagonists DHPE, hexamethonium and (+)-tubocurarine
were shown to activate the mutant receptor expressed in
oocytes {42-44]. In an anempt to correlate the functional
properties of ligand gated ion channels to defined structural
domains, Eisele and colleagues [45] constructed a chimeric
receptor composed of the N-terminal portion of chick a7 and
the C-terminal part of the murine SHT; subunit, connecting
them at the conserved valine at postion 202. In oocytes, the
tesponse to agonist has been shown to be similar between the
chimera and wildtype o7 (45, 46). However, the chimera
was blocked by calcium ions, whereas wildtype a7 is highly
permeable to Ca’* [45). Further work with ‘the equivalent
human o7/murine SHT; chimera, using a defined isotonic,
jow sodium buffer that enhances the calcium flux, has shown
that compounds behave similarly at the chimeric and
wildtype receptors [47]. Recently, this same group has
described the engineering of a dual mutant a7 receptor. By
mulating the threonine at position 208 to a proline, and the
cysteine at position 219 to a scrine, the increased open
probability seen with the chimeric receptor was maintained.
Use of the dual mutant o7 has been described in
characterization of o7 agonists and positive allosteric
modulators (PAM) [47,48). The mutant may be stably
expressed in SH-EP1 cells and utilized in 2 calcium flux
assay. Attempts by the same group to express wildtype a7 in
SH-EP1 cells were unsuccessful.
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3.2.2. Electrophysiological Assays

Due to the rapid activation and desensitization kinetics of
the a7 receptor, electrophysiology has been the gold
standard for examination of o7 function. Oocytes are
harvested from female Xenopus laevis frogs, injected with
cRNA for transient receptor expression and examined using
two -electrode voltage clamp recordings. This system is
advantageous in allowing the examination of functional
receptors of defined subunits. For the examination of cellular
responses and elucidation of the physiological role of a7
nAChRs, whole cell electrophysiological techniques may be
utilized with tissue slices or dissociated neurons in vitro, or
in defined cell layers in vivo. Electrophysiological studies
with slices and dissociated neurons have shown nicotinic
enhancement of glutamatergic currents in the hippocampus,
auditory cortex, lateral geniculate, olfactory bulb and
cerebellum [49-54). Blockade of this enhancement by a7-
specific antagaonists (@-BGT or MLA) implicates o7 in this
nicotinic response,

-7 receptors have also been implicated in long-term
potentiation (LTP). LTP is an increase in synsptic strength
that may last for hours or cven days [55], and that has been
correlated with memory formation. LTP is studied using
electrophysiological techniques with tissue slices or in
discrete brain regions in the intact animal. LTP in the
hippocampus and ventral tegmental area (VTA) has been
shown to be dependent upon a7 activation [56-60].

3.2.3. Neurotransmission Assays

In addition to electrophysiology, in vifro neurotrans-
mission and in vivo microdialysis have been invaluable in
clucidating the role of a7 nAChRs. Using cortical and
striatal synaptosomes, L7 receptor activation has been shown
to enhance depolarizing stimulus evoked [*H)-D-aspartate
release {61,62]. Application of choline alone, an a7-specific
agonist, also induced (*H]-D-aspartate release from rat
frontal cortex synaptosomes. The role of o7 was confirmed
by the a-BGT blockade of the choline-induced responses
[62]. Slice preparations, which bettcr maintain the integrity
of the neuronal circuitry, have shown that an a7 component
is involved in [’H]-dopamine release in striatal slices
induced by high concentrations of nicotine [63]. Blockade by
an ionotropic glutamate antagonist implicated a7-mediated
glutamate release in this effect.

Schilsrtom and colleagues have used in vivo
microdialysis to identify the role of @7 in the VTA. Initial
work showed that dopamine release in the nucleus
accumbens, in response (o systemic nicotine, may be blocked
by infusion of MLA in the VTA [64]. Subsequent
microdialysis studies in the VTA confirmed nicotinic
enhancement of glutamate and aspartate release in this area

(65].
3.3..Bchavioral Characterization

Use of non-selective nicotinic agonists and a7-selective
antagonists has allowed detailed characterization of a7
nAChR at the receptor and cellular level. In vivo, infusion of
MLA in the ventral hippocampus or basolateral amygdala
causes significant working memory deficits in rats as
observed in radial arm maze tasks [66-68). However, further
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elucidation of the role of @7 nAChR in bechavior has
necessitated the development of a7-specific agonists.

GTS-21 (1), which shows functional selectivity for a7
nAChR, enhances cognition in several behavioral models
using multiple species. This compound displays
effectiveness in passive avoidance in lesioned rats [69), in
the aged rat in active avoidance, the Lashley Il maze, and a
17-arm radial maze [70), eye-blink conditioning in the aged
rabbit [71] and delayed-matching task in a non-human
primate [Briggs et al, 1997). GTS-21, though defined as an
o7 selective agonist, displays 100-fold greater binding
affinity for the adf2 receptor, toward which it acts as an
antagonist, and induces dopamine release from rat striatal
slices [72). In vivo efficacy of other nicotinic compounds,
that display improved at7-specificity over GTS-21, is needed
to confirm the usefulness of these models in the development
of a7 ligands.

Schizophrenics display a sensory processing deficit that
can be measured by auditory evoked potentials. This deficit
may be modeled in DBA/2 mice, fimbria-fomix lesioned rats
and isolation reared rats. GTS-21 improves auditory gating
deficits in these animal models, and blockade by a-BGT
confirmed the o7 mechanism of the GTS-21 effects [73-76].
Recently, sensory gating has been used to show the in vivo
efficacy of other a7-specific compounds 62 and 98 [48, 77)
(see chapter §, Table 2).

In auditory gating, measurements of the ‘evoked
potentials are made using clectrodes. implanted in the CA3
region of the hippocampus. Another paradigm used to model
the sensory deficits of schizophrenia is Prepulse Inhibition
(PPI). In this model, auditory pulses are used, and physical
startle measured by the magnitude of deflection of the
animal in a startle chamber. Cilia and colleagues [78]
recently demonstrated the effectiveness of an o7 selective
agonist 77 in reversing PPI deficits in isolation-reared rats.

The high level of expression of a7 nAChRs in the
hippocampus, the involvement of the hippocampus in
memory formation end the effect of MLA blockade on
working memory suggest that a7 nAChR agonists should
have memory enhancing. potential. AR-R17779 (29, sce
chapter 5), an o7 selective agonist, improves scopolamine-
induced deficits in social recognition, and also shows
improvement when employing a 24-hour retention interval in
unimpaired animals [79). MLA reversed the AR-R17779
improvement in unimpaired animals. In an 8-arm radial maze
model, repeated doses of AR-R17779 improved long-term
learning and attenuated working memory deficits in rats
[80].

Recently, Sanofi reported the effectiveness of another ol
selective agonist, SSR180711A, in scveral cognitive models.
This agonist displayed effectiveness in object recognition
paradigms for long-term and chemically-induced (MK80! or
PCP hypersensitization) short-term  episodic memory
{81,82]. SSRI807IIA (9, see chapter 5) also displayed
effectiveness in Morris Water maze models for reference
memory (scopolamine-induced deficit) and working memory
(MK-801-induced deficit).

The effectiveness of o7-selective agonists in the
aforementioned behavioral models supports the therapeutic
potential of a7 agonists for memory impairment and sensory
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deficits associated with schizophrenia. If the recent rate of
a7-refated publications is indicative, the number of a7-
selective ligands will continue to rapidly increase. Studies on
these compounds will provide further verification of the
relevance of the current models for &7 nAChR compound
development, and, hopefully, illuminate new animal models
indicative of the therapeutic potentia] of a7-selective
ligands.

4. THERAPEUTIC POTENTIAL
4.1. Cognitive Impairment

Alzheimer's disease produces a devastating decline in
mental function, with profound effects on learning and
memory. Early consequences of the disease include the
specific loss of cholinergic neurons in brain, diminished
cholinergic signaling, and the accumulation of B-amyloid
peptide in neuritic plaques. Of the nicotinic acetylcholine
receptors at risk, the most critical may be those containing
the a7 subtype of nAChRs, because they are widespread,
have a high relative permeability to calcium, and regulate
numerous cellular events in the nervous system. Because o7
nACHRSs in the central nervous system are thought to have
aumerous functions and recently have been implicated in
learning and memory, impaired receptor function in this case
may contribute to cognitive deficits associated wilh
Alzheimer's disease [83]. A novel a7 agonist TC-1698, has
been shown to provide neuroprotection against A through
an effect on the JAK2/PI-3K cascade {84].

The involvement of nAChRs and particularly the a7

subtype in cognitive impairment in schizophrenia has been
suggested based on a few observations:

- The high incidence of smokers among schizophrenic
patients [85,86].

- The decrease in o7 nAChR in postmortem
hippocampus of schizophrenic subjects in comparison
with controls [87].

- Schizophrenic patients have high levels of nAChR
' antibodies, which may contribute to the nicotinic
deficit [88,89].

- Diminished auditory sensory gating in schizophrenia

is thought to reflect a genetic abnormality in the -

cholinergic system; the P50 gating deficit has been
linked to a locus at the &7 nAChR gene (CHRNA-7)
[90].

- Compared to most other strains of mice, the DBAR2

mouse has genetically decreased levels of @7 nAChR
in the CA3 region and impaired auditory gating [76].

- The most effective medication in the treatment of
refractory  schizophrenia, clozapine, —normalizes
auditory gating in both people with schizophrenia and
animal models, where an 07 nicotinic mechanism has
been demonstrated [91].

4.2, Inflammation

Recent reports define the a7 nAChR as an essential
regulator of inflammation [92]. 7 nAChR full agonists have
been proposed for treatment of inflammatory diseases via
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reduction of tumor necrosis factor (TNF-a) release from
macrophages [93]. fn vivo treatment with nicotine has been
reported to modulate an inflammatory pathway through the
a7-stimulated suppression of HMGBIL secretion, thereby
improving survival in models of sepsis [94). These results
suggest that selective nicotinic agonists for the o7 nAChR
might have therapeutic potential for the treatment of sepsis.

4.3. Fibromyalgia Syndrome

Agonists at a7nAChRs have been proposed for treatment
of fibromyalgia syndrome, a complex chronic condition that
causes widespread muscular pain and profound fatigue {95].
The concept has becn built on the discovery that the 5-HT;
receptor antagonist tropisetron is a potent and selective
partial a7 nAChR agonist [96]. Tropisetron is available for
the treatment of emesis and displayed pharmacological
effects different from other 5-HT; receptor antagonists.
Reported statistically significant reduction in symptoms of
fybromyalgia patients after treatment with tropisetron has
been associated with the &7 nAChR.

4.4. Miscetlaneous

Recent experiments with choline demonstrates that
activation of a7 nAChRs elicits antinociceptive effects both
in an acute thermal pain modei [97] and in an inflammatory
pain model [98]. Synergistic antinociceptive interaction was
obtained from coadministration of choline and morphine.
These observations might rationalize development of
potential non-addictive analgesic and anti-inflammatory
drugs. 7 nAChR appears to play no role in the abuse
liability of nicotine. The a7 receptors are nol involved in the
hyperlocomotor and rewarding effects of nicotine [99].
Agonists at the a7 subtype have been proposed for treatment
of glaucoma, macular degeneration and diabetic retinopathy
through a neuroprotective and antiangiogenic nicotinic
mechanism [100].

5. MEDICINAL CHEMISTRY STRATEGIES

For many years the rescarch on and development of
ligands for nAChRs were largely focused on sclectivity for
@4f2, the most abundant in the CNS subtype. Recent
increasing interest in the a7 nAChR has fucled development
of novel selective ligands for this subtype as well. [n contrast
to difficulty often encountered in the search for selective
a4P2 ligands, high nAChR subtype selectivity has been
relatively easily achieved in a7 ligands.

Analogues of the marine worm toxin anabaseine
[101,102] were reported as the first “functionally” selective
agonists for the &7 subtype since these compounds partially
activate the rodent o7 nicotinic receptor and are antagonists
at all other nAChRs. The therapeutic potential of this series
is compromised by the lack of binding selectivity. For
cxample, 3-(2,4-dimethoxybenzylidenc)anabascine (GTS-21,
1; ad4f2 K; = 19 aM, o7 K; = 210 nM) [72] possesses a
higher affinity for the 432 receptor, toward which it acts as
an antagonist [103] and failed to show a satisfactory
pharmacokinetic profile in the areas of bioavatlability and
brain permeability. Regardless of its weak poiency (ECso =
81 pM) and low efficacy (Emm = 50%), GTS-21 was -
effective in rodent cognitive models. Experiments with GTS-
21 have revealed the lack of its effect upon the nicotine cue,
suggesting a7 agonists arc not involved in the addiction
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ligbilities of nicotinic compounds {104)]. Extension of the
conjugated system in position 3 of the tetrahydropyridine
ring along with incorporation of a p-dimethylamino group
(2) significantly improved affinity [101].

5.1. Pharmacophoric Elements of Selective 7 nAChR
Ligands

A pharmacophore is generally considered to be the
minimum ensemble of molecular elements necessary for
binding to the receptor. nAChR pharmacophore models
[105] typically identify three pharmacophoric elements, a
cationic center, a hydrogen bond acceptor and a hydrophobic
group. The binding of many relatively unsclective ligands
can be rationalized using a rather simplistic model composed
of one of each of these elements. However, this model is less

helpful in explaining subtype selectivity, particularly in the
case of a7 ligands. In this review, the traditional three
element framework will be used as an organizing tool, but
the diversity, which exists in each of these three clements,
will be examined separately, in an attempt to identify
relationships leading to selectivity (see Table 1).

5.1.1, Cationic Centers

Acetylcholine receptors are typically divided into two
receptor families: muscarinic and nicotinic acetylcholine
receptors. Various synthetic muscarinic ligands mimic the
cationic quaternary ammonium part of acetylcholine with
quinuclidine (1-azabicyclo[2.2.2]octane). Quinuclidine has
been the most abundant scaffold for the construction of
nicotinic ligands as well, with significant emphasis on a7

Table I. Representative Groups in the o7 nAChR Pharmacophore: CC-Cationic Center, HA-Hydrogen Bond Acceptor, HP-
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nAChRs. Its basic nitrogen, occupying a bridgehead position
within an azabicyclic system, allocates maximal electrostatic
interaction combined with minimal steric demand. Owing to
the strong basicity of quinuclidine derivatives (pK, ~ 10-11),
a7 ligands exist in physiological conditions in cationic form
with a well-defined orientation of the proton.

The 3-substituted 1-azabicyclo[2.2.2]octane moiety has
proved to be a valuable scaffold for generation of potent a7
nAChR ligands [106] with stereochemical preference at the
3-postion for the R-enantiomer [107]. The stereospecificity
of binding to a7 nAChRs is dramatically evident in the
example of an enantiomeric pair of l-azabicyclo(3.2.1]
octane-based ligands (3 and 4) {108], the 1-azabicyclo[3.2.1]
octane ring system being isomeric with quinuclidine. Gene-
rally, incorporation of small (methyl) (6) [108) or large
(benzyl) (8) groups {109] in position 2 of the azabicyclic ring
is detrimental to affinity.

Numerous azabicyclic systems have been disclosed in the
patent literature [110-116] as alternatives to quinuclidine
(Table 1). However, some of those require multi-step synth-
esis and create additional stercogenic centers. Invariably the
azabicycle provides not only the cationic center, but also
some spacer (typically two or three carbon atoms) between
the protonated nitrogen and point of attachment of the
hydrogen bond acceptor and/or hydrophobic fragment. This
characteristic is also present in the 1,4-diazabicylo[3.2.2]
nonane scaffold, which can be obtained from commercially
available quinuclidin-3-one in three steps via Beckman
rearrangement. Absence of a stereogenic center makes its
derivatives advantageous for development. 4-(p-Bromo-
phenyloxycarbonyl)-1,4-diazabicylo[3.2.2]nonane (9), the
partial agonist SSR180711A (ra7 K; = 50 oM, ha? K; = 78
nM, ECso = 0.8 uM, Enyx = 38%), potentiates glutamatergic
transmission in mouse hippocampus [117), up-regulates a7
nAChR (increases [*H]-0-BGT binding sites in vitro and in
vivo) {118] and is active in experimental models predictive
of therapeutic activity on cognitive symptoms of
Alzheimer’s discase {82] and schizophrenia [81] (Table 2).

Mazurov et al.

Table2., Selective o7 nAChR Agonists Effective in

Behavioral Models

a;l\;.;‘(i:::l! Behavioral Mode) Ref.
9 Object Recognition Task in rats [81, 82]
9 Mortis Water Maze in mice (81,82)
9 Selective Attention Task in rats 841
29 Radial Arm Maze Model in rats (80]
29 Social Recognition Test in rats 79}
54 Auditory Sensory Gating Model in rats {138}
66 Auditory Sensory Gating Model in rats (e
77 Prepulse Inhibition (78]
98° Auditory Sensory Gating Model in rats {48}

positive allosteric modulator.

A comparison of a7 nAChR ligands, which differ only in
the cationic part of the molecules, has been reported by
Macor et al. [96]. Quaternization of tropisetron (10) results
in reduction of efficacy for its derivative 11, while replace-
ment of 8-azabicyclo[3.2.1}heptane with [-azabicyclo[2.2.2)
octane afforded an o7 nAChR agonist 12 with greater
intrinsic agonist activity. The 5-HT; receptor antagonist
tropisetron was studied extensively in human clinical trials
and is available on the' market for the treatment of emesis. Its
safety profile [119) can be interpreted as demonstration of
the safety of an @7 nAChR agonist as well. :

Incorporation of an endocyclic double bond weakens
basicity of the nitrogen in 1-azabicyclo[2.2.2}oct-2-ene (pK,
~ 8-9). Nevertheless, the modification of the ring does not
reduce interaction with the receptor: the .affinity of 3-
(naphth-2-yl)quinuclidine (13) is almost three fold less than
its unsaturated analog 14 [120]. Tropene derivative 15 [121)

- with the double bond remote from cationic center exhibits
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good affinity as well. The effect of quaternization on affinity
varies, as can be scen in the cases of [-azabicyclo[2.2.2]oct-
2-ene- and tropene-based ligands. N-Methylation of 1.
azabicyclof2.2.2]oct-2-cne derivative 16 increases the 1Cso
more than three times (compound 17). However, addition of
second methyl group to the tropene scaffold of 18 augments
the affinity by two orders of magnitude (compound 19)
{122}.

In contrast to o7 nAChR ligands containing an
azabicyclic system as a cationic center, the corresponding
azacyclic (pyrrolidine, piperidine) analogs display much
lower affinity (123]. :

oxygen drasticaily diminishes affinity (compound 22),
probably, because of obstruction of interaction between the
hydrogen bond acceptor (oxygen atom) and the receptor.

5.1.2. Hydrogen Bond Acceptors

Oxygen-containing hydrogen bond acceptor moieties
(Table 1) are common, if not essential, structural elements in
selective 7 nAChR ligands.

Tropisetron (10) containing ester moiety is described as a
partial @7 nAChR agonist, and quinuclidin-3-yl benzoate
(24) [125,126] has been reported as a ligand for both
nicotinic and muscarinic rat brain receptors. Comparative

ICsp = 150 nM 1Csp = 58 nM

&
| 17

N« ICso= 600 nM
|

OO P

1Cso = 320 RM

16

{Cyo= 18 nM N ICso = 180 1M

1Cs6=2nM

Choline as a cationic site has been explored by Gotti ez
al. [124] and Gundisch er al. [123]. Binding of choline
phenylcarbamate (20), containing 2 positively charged
quaternary ammonium fragment, is comparable with
quinuclidine carbamate 7. Aryl ether 21 has shown excellent
selectivity for a7 nAChR over the a4B2 subtype (B2 K/
a? K, = 180). Methylation of the carbon adjacent to
quaternary nitrogen decreases affinity only modestly
(compound 23), while methylation at the position next to

study of various hydrogen bond acceptor groups in the series
of carbamate 25, urca 26, amide 27, and sulfonamide 28 has
been undertaken by Mazurov er al. [109]. Results of binding
assays revealed little difference between the first three
selective o7 nAChR ligands suggesting a putative
contribution of the carbonyl moiety in interaction with the
receptor. The bulky sulfonamide group impedes approach of
the molecule to the binding site resulting in diminution of
affinity.

R R?
N\ =/
O +N—
/
21 R! =R =, K; = 55 nM
22 R! = Me, R = H, K; = 26500 nM
23 R! = H, R? = Mc, K; = 109 nM
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29X =NH, Y =0, K;=92 nM
WX=Y=0,K =560 nM

31 X =0, Y = NH, K; = >4300 nM
32X =CHy, Y = 0, K; = 3700 nM

33 X = NH, Y = CHj, K; = 4000 nM
34 X = Y = NH, K; >13000 nM

35X = NMe, Y = O, K; = 220 nM

36 X = CHyNH, Y = O, K; = 23000 aM

The conformationally restricted carbamate 29 (AR-
R17779), firkt reported by Gordon er al. [127], was reported
by Mullen et al. [128] to be the first full agonist (ECso = 21
UM, Ena = 96%) at the rat o7 nAChR subtype in oocytes
* with selectivity for the a7 (K; = 92 nM, ['*I}a-bungarotoxin
binding assay) versus the 04p2 subtype. Compound 29 alse
lacks noncompetitive antagonist activity.

Eli Lilly laboratories have disclosed results for AR.
R17779 obtained using human recombinant nAChR subunit
combinations expressed in GH4 cells [129]. In terms of
potency, 29 (K; = 420 nM, MLA radioligand binding assay,
ECso = 420 nM, Ema = 93%) is comparable to GTS-21 (1).
In contrast to the series of 25, 26, 27 (with acyclic carbonyl
functionalities), attempts to modify the cyclic carbonyl
functionality cause substantial reduction or loss in o7
receptor affinity. Transformation of carbamate 29 into
carbonate 30, reversed carbamate 31, lactone 32, lactam 33,
or urea 34 provides compounds ranging from moderate
affinity (560 nM) to completely inactive. Incorporation of a
methyl group into carbamate 29 reduces its binding to a7
and turns it into a non-selective ligand (35) with cqual
affinity towards both a7 and a4p2 nAChRs. Expansion of
the 5-membered ring to the corresponding 6-membered (36)
turned out to be delcterious as well. A clear stercogenic
preference is observed for the (-) (29) versus the (+)
enantiomer, which binds with more than onc hundred times
less affinity.

Despite the poor pharmacokinctic profile {129] and
mediocre efficacy, 29 served as invaluable tool for in vivo
assessment of 7 nAChR function validating a link between
its activation and a variety of biological effects. AR-R17779
(29) has been shown to enhance lcarning and memory
function in rats in a radial arm maze model [80] and social

recognition test {79], but has failed to improve performance
in 8 model of attention [130}. AR-R17779 (29) and GTS-21
(1) have no effect on auditory gating using a prepulse
inhibition of the acoustic startle response (relevant to sensory
deficits in schizophrenic patients [131]), while epibatidine
predominantly augmented it [132].

In contrast to attempts to modify spiro-lactam 29 by
replacement of nitrogen with oxygen in compounds 30 and
31, it has been shown that the spiro-oxazolidinone moiety, as
hydrogen bond acceptor, can be replaced with a 1,3-
dioxolane fragment to give compound 37 [i33). Further
optimization of quinuclidine ketals might be limited by.
potential metabolic instability and poor synthetic yield.

Linear oxygen-containing linkers are more amenable to
adjustment, providing & diverse set of selective a7 nAChR
ligands as 38 (134}, 9, 39 [135], 40 [136].

The length and nature of the linker between the
quinuclidine and hydrophobic part of a series of a7 nAChR
ligands have been studied by Tatsumi et al. [126}. Two-atom
spacers were found to provide optimal binding to the
receptor. However, ether (S)- 41 has shown poor
bioavailability, and both enantiomers 45 demonstrated slight
and no agonistic activity. Compound (+)-44, on the other
hand, shows dose-dependent agonistic effects, which are
more potent than those for GTS-21 (1). Obtained data
suggest an essential role of the carbonyl moiety as a potential
hydrogen bond acceptor for efficacy of selective nAChR
ligands. -

The effect of a second hydrogen bond acceptor site has
been démonstrated by diversification around a combination
of 2-position and 3-position substitutions of the quinuclidine
scaffold [137].
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2-Heteroarylmethyl  quinuclidines 25, 48 and 49
containing a P-nitrogen atom are favored over benzyl (8)
derivatives, and steric constraints restrict substitution on the
heteroary! ring. The contribution of this second hydrogen
bond acceptor moiety is significant (one-two orders of
magnitude increase of affinity), as can be seen Dy
incorporation of pyridin-3-ylmethy! into p-chiorobenzamide
5, resulting in improvement from K; = 27 nM to K; = 0.28
nM (for 50). The presence of the second hydrogen bond
acceptor does not adversely affect agonistic activity, the 3-
(pyridin-3-ylmethyl)quinuclidine amides being selective o7
nAChR agonists, as exemplified by §1.

41 X = OCH,, IC5p = 59 1M

X _S$S 42 X = CO, iCsp = 950 nM
- \ 43 X = CHy, ICso = 110 nM
44 X = CH,CO, iCsp = 150 nM
45 X = (CHy)y, ICso = 23 nM
46 X = (CH1CO, IC5o = 1700 nM

47 X =(CHj)h, §Csp =370 1M

5.1.3. Hydrophobic Elements

Incorporation of a hydrophobic moiety, which is either
directly attached to the cationic nitrogen containing moiety
or attached via a hydrogen bond acceptor, enhances binding
properties of @7 nAChR ligands. Although N-methytation of
spirooxazolidinone 29 has led to disappecarance of its
selectivity and has reduced binding affinity, substitution with
a 5-bromothiophene ring results in compound 55 with K; = 4
nM [138]. A clear stereogenic preference can be seen for the
(R) versus the (S) enantiomer in this series. Pharmacokinetic
profiling of compound 54 in rats indicates good oral
bioavailability (52%) and high brain permeability (Co/Cp =
59 at 10 mgkg po). It also reduces MK-801-induced
auditory gating deficit.

Lipophilic analogs 56-58 [139,140] of AR-R17779 (29)
maintain o7 nAChR selectivity and demonstrate excellent
improvement in affinity. Extension of the hydrophobic
fragment modulates interaction with the receptor, which was
optimized by synthesis of dihydrofuropyridine S8.
Compound $6 is equipotent at human recombinant a7
receptors [141] and 5-HT, receptors, ligand gated ion
channels with approximately 30% homology with the a7
receptor. The 5-HT; cross-reactivity has been circumvented
[129] by replacement of phenyl ring in 56 with
aminomethylpyridine fragment to obtain 59 [142].

Distribution of electron density in the hydrophobic part
of a7 nAChR ligand is essential for m-interaction with the
corresponding binding site. This can be optimized by two
methods: variation of substituents in aromatic rings or
alteration of the heteroatom position in heteroaromatic
systems. Among substituted N-quinuclidinyl benzamides
[107), o-derivatives are very poor agonists (61) or practically
inactive (62). m-Substituted amides, as 63 and 65, have
shown improvement in a functional high-throughput
screening assay using SHEP cells expressing the «7-5-HT,
chimera, The p-substituted analogues 64, 66 are the most
active. Compound 66 (PNU-282987) restores amphetamine-
induced sensory gating deficit, determined by auditory-
evoked potentials in the hippocampal CA3 region, by
systemic administration in chloral hydrate-anesthetized rats.
Hajés ef al. [77] proposed that PNU-282987 improves
auditory gating via modulating/enhancing hippocampal
GABAergic neurotransmission.

Substitution of the p-chlorophenyl in 66 with
benzoxazole provides a compound 67 with similar affinity
(143). The K; for benzodioxine derivative 68 [144] has not
been disclosed. Replacement of the phenyl moiety with
heteroaromatic mono- or bicyclic systems is advantageous
especially when a carbonyl group is adjacent to the
heteroatom as exemplified by compounds 69 [145] 70 [146],

48 49
K= 10aM

(o]

o 0
N N
= =z
' |
S LN
50
51
K;=0.28 aM Ki=03 1M
EC;O =33nM

B © 100%
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52 R=H, K;=80nM
53 R=Me, K;= 12nM
S4 R=Cl, Ki=9nM
52 R = Br, K; = 4 nM

57
K;=0.55 nM

58
K;=0.033nM

\

N =
o\ _/
N
56
K, =0.14 nM

K; = 3.1 nM, ECso = 285 nM, Epay = 100% (human «7)

NN
Sl
59

EC¢p+ 328 nM
Emax = 100% (human a7)

o

71 {147], 72 (148], 73 (149], 74 [116]. In general, the
aromatic or heteroaromatic ring is conjugated with the
hydrogen bond acceptor, although, there are several
examples where the pharmacophoric elements are bridged
via one (75) [150]) or more (45, 47) (126] sp’-hybridized
carbon atoms. Again, cxtension of the hydrophobic moiety
by addition of a second n-clectronic system yields a series of
high affinity quinuclidine amides: 76, 77, 78 [151,152}, 79
[153], and 80 [111]. Noteworthy, the evaluation of 77 and 78
[154,155] in behavioral assays, including the formalin assay,
the prepulse inhibition model, the forced swim test, the
radial arm maze, has failed to produce any positive data.
However, Cilia et al. [78) recently demonstrated the
effectiveness of an o7 selective agonist- 77 in reversing
prepulse inhibition deficits in isolation-reared rats.

There are 2 few o7 nAChR ligands, 81 [156], 82 [157] 83
[158], 84 [159], in which a cationic fragment is direcily

connected to a heteroaromatic hydrophobic system,
described in the literature. The aromatic heteroatom
(nitrogen or oxygen) of these might contribute a hydrogen
bond acceptor interaction with the receptor.

3-(Indol-3-yl)quinuclidine ~ dcrivatives are  known
serotoninergic ligands. Compounds 85 [160] and 86 {161}
have been claimed as mixed ligands for nAChR, 5-HT; and
5-HTg receptors.

Inclusion of what would typically be described as a
hydrogen bond donor group, at the appropriate position in
the hydrophobic part of an o7 nAChR ligand, can lead to
high affinity. Compounds, containing terminal hydroxyi (87)
{135}, amino (88), carboxy! (89) [162] or urea (90, 91) [163]
moieties, have been claimed as o7 ligands, although no
information about their functional activity was provided.

S
K; =32 oM
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K;i=5nM

60 R = H, EC5o = 1900 nM

61 R = 0-F, ECsp = 16700 nM

62 R = 0-OMe, ECso > 100000 nM

63 R =» m-OMe, ECso = 2200 nM

64 R = p-OMe, ECsp = 360 nM

65 R = m-Cl, ECgg = 1500 aM

66 R = p-C), ECso= 128 oM, K; =27 nM

[s]
hm/@N .
N o]
7 68
> I “ ™
< &y
0 N °
70

1 )

N
o]
@)
73




Cal,

ive &7 Nicotinic Acetylcholine Receptor Ligands

Current Medicinal Chemistry, 2006, Vol. 13, No. 13

1 )
@/M
0

78

K;=9-15nM
ECs0= 37 oM, Eppy = 100%

’ , CFy \ ]
N~
Lo D G o0
o) N
. 75 76 77

Ki= 1.5-6 nM Ki=3-5aM

ECsp = 14 0M, Eqy = 100%

NS
D GO

N

%
o

o O
N
87
N Kj= 10 0M

90
{ ICsp = 1.1 nM

\(

HNQ @N%\w
o A~

N

U,

88
Ki<1nM
0

H
9
1Cse = 0.56 nM

81 82 83 N o4
ICsp = 6.7 M I1C5p = 60 0M 1Cyp = 400 nM
N HN \ N
~
a n
N 0
A\ N\ :
H OMece N
H
85 86
H
NH
O Zar ! N 2 COH

89
K;<0.l nM

1579



1580 Current Medicinal Chemistry, 2006, Vol. 13. No. 13

5.2. Selective Antagonists *

Although selective a7 nAChR full and partial agonists
have been quite well explored, especially in the
pharmaceutical industry, selective a7 nAChR antagonists
would be valuable as pharmacological tools and may also
prove to have therapeutic value. Many a7 nAChR agonists
rapidly desensitize the receptor at much lower concentrations
than is required for activation. Therefore, the compounds
could perform as functional antagonists (129]. It might be
expected that a desensitizing a7 nAChR agonist and an a7
nAChR antagonist would have similar pharmacology.

Methyllycaconitine (MLA) (92), a diterpenoid alkaloid
isolated from Delphinium brownie, and a-bungarotoxin, a 75
amino acid peptide isolated from venom of Bungarus
multicinctus, are potent and selective natural @7 nAChR
antagonists. Efforts to modify MLA have been undertaken
with the purpose of investigating the structural basis of its
potency and subtype selectivity [164-167]. Obtained results
define the norditerpenoid core of MLA as the major
determinant of a7 nAChR selectivity, and establishes the
prime importance of the 2-(methylsuccinimido)benzoyl

subsituent for nicotinic potency. A structurally less complex:

analog of MLA, 93 {168] has been identified by replacement
of the hexacyclic structural fragment with simple N-
substituted piperidine. Compound 93 inhibits nicotine-
stimulated catecholamine release at micromolar concent-
ration, being almost as efficacious as MLA.

Mazurov ei al.

5.3. Positive Allosteric Modulators

Under conditions of continuous exposure, such as
chronic drug treatment, sclective a7 nAChR agonists may
have a relatively narrow effective dose range, limited to the
region of overlap in which the receptors are activated but not
fully desensitized [48). A differcnt treatment strategy would
be to administer a nicotinic positive allosteric modulator that
can reinforce the endogenous cholinergic ncurotransmission
without its direct stimulation [169]. Unlike agonists,
allosteric modulators do not directly activate or desensitize
ligand-gated receptors but enhance the sensitivity andfor
efficacy of the receptor during agonist activation, probably
by stabilization of its activated conformation.

Several positive allosteric modulators of o7 nAChR have
been described, including 5-hydroxyindole (94) (53], and its
derivatives, as 95 {170] and 96 [171]}, cyclopentanoquinoline
analogues (97) [172], ivermectin {173], serum albumins
[174], secreted ‘mammalian Ly-6/uPAR-related protein
[175], and a peptide fragment of acetylcholinesterase [176].
All of these compounds potentiate the peak agonist-cvoked
response mediated by the a7 nAChR. Piotrowski ef al. [177]
and Hurst et al. (48] reported the novel synthetic positive
allosteric modulator PNU-120596 (98), which not only
increases the potency and efficacy of agonists but also
dramatically prolongs the duration of agonist-evoked
response. It increases the frequency of acetylcholine-evoked
GABAcrgic postsynaptic currents measured in pyramidal

93
(o} o}
) O/
N )
/CE/)
HN / \ NH
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‘ OMe
H1NO)S n H N OMe H
Cl N N
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neurons, an effect which is suppressed by TTX, suggesting
that 98 modulates the function of a7 nAChRs located on the
somatodendritic membrane of hippocampal intemeurons.
PNU-120596 has no detectable activity when applied alone,
Prominently, systemic administration of PNU-120596
improves auditory gating in rats impaired by amphetamine.
Similar to 98, ureas (99) have been claimed by Piotrowski e/
al. {178].

6. RADIOLABELED IMAGING LIGANDS

o7 nAChRs are implicated in a wide variety of
pathologic states including Alzheimer's diseasc {179] and
schizophrenia [180]. These observations prompted explora-
tion of «7 nAChR radioligands, which would be applied in
positron emission tomography (PET) and single photon
‘emission computed tomography (SPECT) to visualize the
receptors in- human brain during treatment of patients.
Though the number of a4P2 nAChRs is decreased in
Alzheimer's disease, the number of a7 nAChRs remains
largely intact and therefore available for binding new
therapeutic agents [179]. '

A few radiolabeled selective o7 nAChR ligands have
- been described in the literature. 'P*I-a-bungarotoxin {181]
and *H-mecthyllycaconitine [182] have been utilized most
commonly for in vitro and ex vivo characterization of the
receptor. The “functionally”-selective anabaseine derivative
100 [183] has not demonstrated regionally sclective binding
in vivo. Navarro ef al. {184] have shown encouraging in vivo
biodistribution studies of '*I-methyllycaconitine in rats,
despite the rapid clearance and poor brain penetration.
Quinuclidine carbamate 101 [185) has exhibited a relatively
good brain uptake (0.8-1.2% L.D./g tissue. in various brain
regions), but without preferential concentration in brain
regions rich in a7 nAChR (e.g. hippocampus, pons and
colliculi). Recently, Pomper er al. [186] have published four
potential imaging ligands 102-105. Only compound 105 has
shown promising results with brain uptake (2.5%), higher
uptake in the hippocampus and superior colliculus than in

nontarget sites, and definite site-selective blockade.
Unfortunately, it is not entirely clear whether it was the a7
nAChR or the 5-HT; receptor binding sites that were blocked

- because of the low binding selectivity of 105 for a7 over 5-

HT;.
7. CONCLUSION

In less than a decade, the o7 nAChR has become the
most intensely studied nicotinic acetylcholine receptor
subtype. A series of selective nAChR agonists have been
developed as potential candidates for the treatment of
schizophrenia, cognitive disorders (including Alzheimer’s
disease), and inflammation. Despite early skepticism
centered around the rapid desensitization of the a7 nAChR
and the hypothesis that agonists acting might not be
functional agonists in vivo, some of them have already been
advanced to clinical trials. Further development of allosteric
modulators and pharmaceutically relevant antagonists might
expand the therapeutic potential of o7 nAChRs.
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ANEXO §

Documento con la tabla de resultados experimentales y datos biolégicos comparativos

y donde se describe la metodologia experimental para la medicion realizada.

The affinity and efficacy of the compound of the invention (Example 31), of prior art
compouﬁds (W02004022556 (D1): Examples 4, 79 and 850; W02004016608(D2):
Example B8) and of the conventional compound (3R)-3-(6-phenyl-pyridazin-3-yloxy)-1-
aza-bicyclo[2.2.2]octane in activating the a7 nicotinic acetylcholine receptor (a7-nAChR)

was assessed in a functional assay.

Assay déscription

To assess a7-nAChR activity, a functional assay was employed using GH3 cells that
recombinantly expressed human nAChR a7. 5 x 104 cells per well were seeded 72 h prior
to the experiment on black 96-well plates (Costar) and incubated at 370C in a humidified
atmosphere (5 % C02/95 % air). On the day of the experiment, medium was removed by
flicking the plates and replaced with 100 pl growth medium containing 2 mM Fluo-4,
(Molecular Probes) in the presence of 2.5 mM probenecid (Sigma). The cells were
incubated at 37°C in a humidified atmosphere (5 % CO2/95 % air) for 1 h. Plates were
flicked to remove excess of Fluo-4, washed twice with Hepes-buffered salt solution (in
mM: NaCl 130, KCI 5.4, CaCl2 2, MgS04 0.8, NaH2PO4 0.9, glucose 25, Hepes 20, pH
7.4; HBS) and refilled with 100 ul of HBS containing antagonist when appropriate. The
incubation in the presence of the antagonist lasted 3-5 minutes. Plates were placed in the
cell plate stage of a FLIPR device (fluorescent imaging plate reader, Molecular Devices,
Sunnyvale, CA, USA). After recording of the baseline (laser: excitation 488 nm at 1 W,
CCD camera opening of 0.4 seconds) the agonists (50 pl) were added to the cell plate using
the FLIPR 96-tip pipettor while simultaneously recording the fluorescence. Calcium
kinetic data were normalized to the maximal fitted response induced by epibatidine, which
is a full agonist at a7-nAChR. Four parameter Hill equations were fitted to the
concentration-response. Values of Emax (maximal effect in % compared to the epibatidine
response) and EC50 (concentration producing half the maximal effect in uM) were derived

from this fit'.

" Ensayo descrito en: D Feuerbach et al, Neuropharmacology (2005), 48, 215-227.



Results:
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Compound Structure (nM £ (‘Zficsal?l;l)
' SEM)
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