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Abstract 

The structure-activity relationships of 35 novel derivatives of 2-(carboxypropyl)-3-amino-4-methyl-6-phenyl pyridazine (SR 
95103) were examined as y-aminobutyric acid (GABA) antagonists in the flap preparation of the parasitic nematode, Ascaris 
suum, using a two-microelectrode current-clamp technique. All but one of the potent antagonists displaced GABA dose-response 
curves to the right without reduction in the maximum response. The dissociation constants of the more potent competitive 
antagonists were described using a model which assumed that two molecules of GABA were required to open the ion channel 
but that only one molecule of antagonist acted on each ion channel. By exploring the structure-activity relationship, the potency 
of the antagonist was increased from a K B of 64 ixM for SR 95103 to a K B of 4.7/~M for NCS 281-93 (2-(3-carboxypropyl)-3- 
amino-4-phenylpropyl-6-phenyl pyridazine). 
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1. Introduction 

The y-aminobutyric acid (GABA) receptor  of nema- 
tode parasites has been identified as a site of  action for 
anthelmintic drugs (Del Castillo et al., 1964a; Martin, 
1987). The anthelmintic, piperazine, hyperpolarizes 
body muscle cells in the porcine nematode,  Ascaris 
suum, by mimicking the action of the natural neuro- 
muscular inhibitory transmitter  G A B A  (Del Castillo et 
al., 1964a,b). Bath application of G A B A  or piperazine 
activates extrasynaptic G A B A  receptors on Ascaris 
muscle cells and produces an increase in membrane  
C1- conductance (Martin, 1980, 1982). The antibiotic 
anthelmintic, ivermectin, has also been shown to inter- 
act with G A B A  receptors on Ascaris muscle (Holden- 
Dye et al., 1988; Martin and Pennington, 1989) and to 
act as an antagonist. Thus pharmacological charac- 
terization of the Ascaris G A B A  receptor  and its differ- 
ences to ver tebrate  G A B A  receptors is of interest for 
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the design of anthelmintic agents. For therapeutic rea- 
sons, it is also necessary to compare  the Ascaris G A B A  
receptor  with vertebrate  host G A B A  A receptors. 

Pharmacological examination of the Ascaris G A B A  
receptor  has shown, to a first approximation, that the 
agonist profile is like that of a vertebrate  G A B A  A 
receptor  (Holden-Dye et al., 1989). In contrast, the 
antagonist profile is unlike that of a GABA A receptor. 
The G A B A  A antagonists bicuculline, picrotoxin, se- 
curinine, pitrazepine, t-butylbicyclophosphorothionate 
(TBPS), RU5135 and dieldrin are either weak or inac- 
tive in Ascaris (Martin, 1980; Holden-Dye et al., 1989; 
Martin et al., 1991). In vertebrates the arylaminopyri- 
dazine, SR 95331, is about 20 times more potent than 
SR 95103 as a G A B A  A antagonist (Heaulme et al., 
1986) but SR 95531 has a lower potency than SR 95103 
in Ascaris (Duittoz and Martin, 1991a). In Ascaris SR 
95103 behaves as a competitive antagonist with a disso- 
ciation constant, K B, of 64 IzM (Duittoz and Martin, 
1991b). 

As a result of observations on SR 95103 and SR 
95531 it was suggested that the structure-activity rela- 
tionship of arylaminopyridazine G A B A  receptor antag- 
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onists would be different at the Ascaris G A B A  recep- 
tor and be unlike a vertebrate  GABA A receptor  (Duit- 
toz and Martin, 1991a). In a study comparing a series 
of arylaminopyridazine derivatives, this hypothesis was 
confirmed and the results interpreted to indicate that 
accessory binding sites required for binding of an an- 
tagonist of ver tebrate  GABA A receptors were differ- 
ent to the accessory binding sites on Ascaris muscle 
G A B A  receptors (Duittoz and Martin, 1991b). The 
study also indicated that the action of novel aryl- 
aminopyridazine derivatives should be investigated with 
a view to examining further the structure-activity rela- 
tionship of these compounds and to find a more potent  
antagonist to advance antiparasitic drug development.  

This paper  then describes results of experiments in 
which 35 novel arylaminopyridazine-GABA derivatives 
were synthesized and screened and the potency of the 
more potent  analogues tested to determine their K B. 
As a result of these experiments it was possible to 
identify NCS 281-93 as an antagonist that was an order 
more potent  than SR 95103 at the Ascaris muscle 
receptor. 

2. Materials and methods 

2.1. Preparation and recording 

Ascaris suum were collected from the local abattoir  
and kept in Locke's solution at 34°C. They were used 
within 4 days. A muscle flap preparat ion (Martin, 1980) 
was pinned, cuticle side down, in an experimental 
chamber  and maintained at 22°C and bathed in a 
high-Cl-  and low-Ca 2+ Ringer containing (mM): NaC1, 
135; KCI, 3; MgC12, 15.7; glucose, 3; Tris, 5; pH 7.2 
adjusted with maleic acid. For the experiments with 
the less soluble antagonists, 2% dimethyl sulphoxide 
(DMSO) was added to all the Ringer solutions to 
prevent precipitation of the antagonist. 2% DMSO had 
a small depressant  effect on GABA-induced conduc- 
tance changes so a fixed concentration was used in all 
solutions throughout the experiments with the less 
soluble antagonists. The DMSO had no direct effect on 
resting membrane  conductances or potentials in As- 

caris. 
Two glass microelectrodes (10-40 MI~) filled with 2 

M K acetate were inserted into the bag region of the 
muscle cell: one was used for current injection (40 nA, 
1 s, 0.25 Hz), the other was used for recording the 
voltage response. The signals were recorded and ampli- 
fied with an Axoclamp 2A amplifier, monitored on a 
Tektronix 2210 oscilloscope and recorded on a 
Lecromed 216MX two-channel chart recorder. The 
input conductance of the bag was calculated from the 
voltage response to the hyperpolarizing current pulses: 
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Fig. 1. Effect of 1 mM NCS 250-90 (A) and 1 mM NCS 252-90 (B) on 
the change in input conductance produced, AGco n (control) and 
/tGan ~ (with antagonist) by 30 /xM GABA. A: NCS 250-90; resting 
membrane conductance, 3.3 /xS; 30 ~M GABA induced AGcon, 1.8 
/~S; 1 mM NCS 250-90+30 IzM GABA, Aaant, 1.8 /~S; 0% antago- 
nism. B: NCS 252-90; resting membrane conductance, 3.1 izS; 30/zM 
GABA induced AGcon, 1.4 ~S; 1 mM NCS 252-90+30/xM GABA, 
AGant, 0.3/xS; 78.6% antagonism. 

the I / V  relationship is sufficiently linear during the 
injection of hyperpolarizing current to permit  an accu- 
rate assessment of the input conductance. 

The preparat ion was not perfused continuously be- 
cause of the limited quantities of antagonist available. 
Initially to detect antagonist activity, 30 /zM G A B A  
was applied and when the membrane  conductance 
stabilized to a new value, the bath solution was re- 
placed with 30 /xM G A B A  + 1 mM NCS compound 
(Fig. 1). In some experiments 30 tzM G A B A  + 1 /xM 
NCS compound or G A B A  + 0.1 mM NCS compound 
were also tested. Antagonists found to be more potent 
at 1 mM than SR 95103, i.e. to have a percent antago- 
nism greater  than 93% with this test, were tested at 
several concentrations against G A B A  dose-response 
curves (Fig. 2). GABA dose-response relationships were 
obtained by cumulative application of increasing GABA 
concentrations without washing between concentra- 
tions. The method used gentle draining of the bath 
(volume 6 ml) and then flushing the bath with 10 ml of 
the next GABA concentration. The antagonist was 
applied before the lowest GABA concentration and 
remained present when the higher concentrations of 
G A B A  were applied. A control G A B A  dose-response 
curve without the antagonist was always obtained first 
f rom the test cell to permit dose ratios to be calculated. 
The antagonists that readily dissolved in the aqueous 
phase and that did not require DMSO for solubility 
were easily washed off the preparat ion and repeated 
application of GABA yielded dose-response curves 
overlapping the controls; the more lipophilic antago- 
nists requiring DMSO for solubility were only slowly 
washed from the preparation.  Consequently antago- 
nism was assessed by comparing control responses to 
G A B A  observed prior to antagonist application with 
the responses observed in the presence of antagonist. 
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Fig. 2. Effect  of  0.1, 0.3, 1 m M  NCS 247-90 on G A B A  dose - re sponse  

re la t ionsh ip .  A: Con t ro l  r e sponses  to cumula t ive  app l i ca t ion  of  
G A B A .  B: In the  p r e s e n c e  of 0.1 m M  NCS 247-90. C: In the 
p re sence  of  0.3 m M  NCS 247-90. D: In  the  p r e s e n c e  of  1 m M  NCS 
247-90. The  c o r r e s p o n d i n g  p lo t  is shown in Fig. 3. 

2.2. Analysis 

The actions of 10 /zM, 0.1 mM a n d / o r  1 mM NCS 
compound on the change in input conductance pro- 
duced by 30 /xM GABA were used to calculate the 
percentage antagonism thus: 

percentage antagonism = 100 [ 1 - (AGant/AGcon) ], 

where AGco n is the change in input conductance pro- 
duced by the initial control application of 30 /zM 
GABA and AGan t is the change in input conductance 
produced by the application of 30 /~M G A B A +  
antagonist, allowing at least 10 min for the antagonist 
to reach its maximum effect. 

Dose ratios determined from the plots of the GABA 

dose-response curves and the effects of NCS 281-93 
were examined using the modified Schild plot (Wil- 
liams et al., 1988): 

log(DR"" - 1) = M ×  log[XB] + p K  B, 

where the Hill coefficient, n u, is 2 (Duittoz and Mar- 
tin, 1991b) and M is the number of antagonist 
molecules interacting with the receptor, and pK B is 
the negative logarithm of the dissociation constant of 
the antagonist receptor complex. 

Dose-response relationships for NCS 281-93 were 
also fitted to the equation: 

A G  = A G m a x / ( 1  + [ E D s o / X a ] n " +  [ED5o/Xa]  n" 

X [ X b / g B ]  m ) ( 1 )  

where AG is the change in input conductance; AGma x 
is the maximum change in input conductance; ED50 is 
the concentration of GABA producing 50% of the 
AGma x response; nH is the Hill coefficient; X b is the 
concentration of the NCS antagonist; K B is the antag- 
onist dissociation constant; M is the degree of cooper- 
ativity shown by the antagonist. A non-linear least 
squares estimate of the parameters of this equation 
was made using a program written in F O R T R A N  using 
the subroutine NAG E04CCF. 

Means and standard errors (S.E.) were calculated. 
Statistical significance was assessed using a two-tailed 
independent t-test. All compounds cited as having a 
different potency in the Results section were tested 
with the t-test and had a significance level of P < 0.05. 

2.3. Drugs 

GABA was obtained from Sigma. The NCS com- 
pounds, Tables 1-6 and below, were synthesized and 
their purity confirmed by nuclear magnetic resonance 
(NMR) (Sitamze et al., 1992; Sitamze, 1993). 

Table  1 
Chemica l  s t ruc tu re  and  pe rcen t  a n t a g o n i s m  of der iva t ives  wi th  modi f ica t ion  of the  carboxyl  funct ion  

NH2 

R 

C o m p o u n d  Y R Benzocyclohepta(e-5 ,6)  % A n t a g o n i s m  % A n t a g o n i s m  K B ( /zM) 
(0.1 raM) (1 mM)  

SR 95103 C O O H  CH 3 A b s e n t  - 93 _+ 3 (n = 5) 64 + 13 (n = 13) 
NCS 248-90 S O 3 H  H Presen t  - 14 + 5 (n = 6) - 
NCS 249-90 S O 3 H  C H  3 A b s e n t  - 0, 0 (n  = 2) - 
NCS 250-90 S O 3 H  C H 3 C H  2 A b s e n t  - 0, 0 (n  = 2) - 
NCS 256-91 C O O H  H Presen t  0, 16 (n = 2) 57, 79 (n = 2) - 
NCS 274-90 Te t razo ly l  C 6 H s C H 2 C H  z A b s e n t  0, 10 (n = 2) 44, 60 (n = 2) - 
NCS 283-93 O P ( O H )  2 C H  3 A b s e n t  0 _+ 0 (n = 3) 0 + 3 (n = 3) - 
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Table 2 
Derivatives with modification of the GABA chain 

N..~/R1 

NHR 2 
R3 

Compound R1 R2 R3 % Antagonism % Antagonism K B (p.M) 
(0.1 mM) (1 raM) 

SR 95103 (CHz)3COOH H CH 3 - 93 _+ 3 (n = 5) 64 4-_ 13 
NCS 194-83 (CHz)4COOH H CH 3 - 46 + 9 (n = 4) - 
NCS 259-91 No GABA side-chain C6H5CH2CH 2 CH 3 30 + 18 (n = 3) 69 _+ 16 (n = 3) - 
NCS 260-91 No GABA side-chain C6HsCH2CH 2 CH3CH 2 0, 7 (n = 2) 23, 29 (n = 2) - 

2.3.1. Derivatives with modification of the carboxylic 
function (Table 1) 

NCS 248-90, 2-(3-sulphonylpropyl)-3-amino-benzo- 
cyclohepta(e-5,6) pyridazinium bromide; NCS 249-90, 
2-(3-sulphonylpropyl)-3-amino-4-methyl-6-phenyl pyri- 
dazine bromide; NCS 250-90, 2-(3-sulphonylpropyl)-3- 
amino-4-ethyl-6-phenyl pyridazinium bromide; NCS 
256-91, 2-(3-carboxypropyl)-benzocyclohepta(e-5,6)-3- 
amino pyridazinium bromide; NCS 274-93, 2-(3-tetra- 
zolylpropyl)-3-amino-4-phenylethyl-6-phenyl pyrida- 
zinium chloride; NCS 283-93, 2-(3-phosphonopropyl)- 
3-amino-4-methyl-6-phenyl pyridazinium bromide. 

2.3.2. Derivatives with the length of the GABA chain 
modified (Table 2) 

NCS 194-83, 2-(4-carboxybutyl)-3-amino-4-methyl- 
6-phenyl pyridazinium bromide; NCS 259-91, 3-phenyl- 
ethylamine-4-methyl-6-phenyl pyridazinium tartrate; 
NCS 260-91, 3-phenylethylamine-4-ethyl-6-phenyl pyri- 
dazinium tartrate. 

2.3.3. Acetoxyethyl derivatives (Table 3) 
NCS 276-93, 2-(2'-acetoxyethyl)-3-amino-4-methyl- 

6-phenyl pyridazinium bromide; NCS 277-93, 2-(2'- 
acetoxyethyl)-3-amino-6-methoxyphenyl pyridazinium 
bromide; NCS 278-93, 1-(2'-acetoxyethyl)-2-amino-5- 

phenyl pyrazinium bromide; NCS 279-93, 2-(2'- 
acetoxyethyl)-3-amino-5-phenyl pyridazinium bromide. 

2.3.4. Derivatives with the amine function in position 3 
modified (Table 4) 

NCS 263-91, 2-(3-carboxypropyl)-3-phenylethyl- 
amino-4-ethyl-6-phenyl pyridazinium bromide; NCS 
271-92, 2-(3-carboxypropyl)-4-phenylethyl-6-phenyl pyr- 
idazinium bromide; NCS 272-92, 2-(3-carboxypropyl)-4- 
biphenylethyl-6-phenyl pyridazinium bromide; NCS 
273-92, 2-(3-carboxypropyl)-4-(2-ethylnaphthyl)-6-phen- 
yl pyridazinium bromide; NCS 280-93, 2-(3-carboxy- 
propyl)-3-(N'-aeetyl-amino)-4-phenylethyl-6-phenyl 
pyridazinium bromide. 

2.3.5. Derivatives with the substituants in position 4 
modified (Table 5) 

NCS 247-90, 2-(3-carboxypropyl)-3-amino-4-ethyl-6- 
phenyl pyridazinium bromide; NCS 252-90, 2-(3- 
carboxypropyl)-3- amino-4-isopropyl-6-phenyl pyri- 
dazinium bromide; NCS 251-90, 2-(3-carboxypropyl)-3- 
amino-4-benzyl-6-phenyl pyridazinium bromide; NCS 
253-90, 2-(3-carboxypropyl)-3-amino-4-paramethoxy- 
benzyl-6-phenyl pyridazine bromide; NCS 254-90, 2- 
(3-carboxypropyl)-3-amino-4-phenylethyl-6-phenyl pyri- 
dazinium bromide; NCS 258-91 2-(3-carboxypropyl)-3- 
amino-4-paramethylbenzyl-6-phenyl pyridazinium bro- 

Table 3 
Acetoxyethyl derivatives 

R3 ,,,~A.,. + j ' ~  O,~CH3 

a~ 

Compound R1 R2 R3 A B % Antagonism (1 mM) 

NCS 276-93 CH 3 H C6H 5 N C 0, 10 (n = 2) 
NCS 277-93 CH3OC6H s H H N C 0, 22 (n = 2) 
NCS 278-93 H H C6H 5 C N 37, 40 (n = 2) 
NCS 279-93 H C6H 5 H N C 50, 25 (n = 2) 
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T a b l e  4 

Der iva t ives  wi th  the  a m i n e  f u n c t i o n  in pos i t i on  3 m o d i f i e d  

N" v " C O O H  
r 

"~ -R 2 
R~ 

C o m p o u n d  R1 R 2  % A n t a g o n i s m  % A n t a g o n i s m  % A n t a g o n i s m  K B (/xM) 
( 1 0 / x M )  (0.1 m M )  (1 m M )  

S R  95103 C H  3 N H  e - - 93 ± 3 (n  = 5) 64 _+ 13 (n  = 13) 

N C S  263-91 C H 3 C H  2 N H ( C H 2 ) e C 6 H  5 - 24.3 + 9 (n  = 4) 68 ± 13 (n  = 3) - 

N C S  271-92  C 6 H s C H 2 C H  2 H 0 (n  = 1) 6, 0 (n  = 2) 49, 38 (n  = 2) - 

N C S  272-92  B i p h e n y l ( C H e )  2 H 0 (n  = 1) 12 (n  = 1) 88 ± 12 (n  = 3) - 

N C S  273-92  N a p h t h y l ( C H 2 )  ~ H 0, 0 (n  = 2) 14, 21 (n  = 2) 100, 100 (n  = 2) 120, 140 (n  = 2) 

N C S  280-93 C 6 H s C H 2 C H  2 N H C O C H  3 7, 0 (n  = 2) 26, 31 (n  = 2) 59, 100 (n  = 2) - 

mide; NCS 266-92, 2-(3-carboxypropyl)-3-amino-4- 
paramethoxyphenethyl-6-phenyl pyridazinium bromide; 
NCS 267-92, 2-(3-carboxypropyl)-3-amino-4-meta- 
methoxyphenethyl-6-phenyl pyridazinium bromide; 
NCS 268-92, 2-(3-carboxypropyl)-3-amino-4-[(4,3-meth- 
ylenedioxy)]phenethyl-6-phenyl pyridazinium bromide; 
NCS 281-93, 2-(3-carboxypropyl)-3-amino-4-phenylpro- 
pyl-6-phenyl pyridazinium bromide; NCS 282-93, 2-(3- 
carboxypropyl)-3-amino-4-diphenylethyl-6-phenyl pyri- 
dazinium bromide. 

2.3.6. Derivatives with modification to the pyridazine 
ring (Table 6) 

NCS 255-90, 3-(3-carboxypropyl)-2-amino-5-phenyl 
thiadiazolium; NCS 257-91, 1-(3-carboxypropyl)-2- 
amino 5-phenyl pyridazinium bromide; NCS 261-91, 

3-phenethylamine-8-phenyl phthalazine; NCS 262-91, 
3-(n-(2-aminoethylmorpholine))-8-phenyl phthalazine 
chlorhydrate; NCS 264-91, 2-(3-carboxypropyl)-3-N-(2- 
(aminoethylmorpholine))-8-phenyl phthalazinium bro- 
mide; and NCS 265-91, 2-(3-carboxypropyl)-3-phen- 
ethylamine-8-phenyl bromide. 

3. Results 

The results reported here are based on the analysis 
of experiments performed on 123 cells from more than 
80 preparations. The results of similar tests on SR 
compounds (Duittoz and Martin, 1991b) are included 
for comparative purposes. Cells selected for recording 
and analysis had a resting membrane potential more 

T a b l e  5 

De r iva t i ve s  m o d i f i e d  in pos i t i on  4 

N" f~COOH 
I L~ Blr" 

' ~ ' J ~  NH 2 
R 

C o m p o u n d  R % Antagonism % Antagonism % Inhibition K B (/zM) 
( 1 0 / z M )  (0.1 m M )  (1 m M )  

S R  95103 C H  3 - - 93 + 3 (n  = 5) 64 _+ 13 (n  = 13) 

S R  95132  C 6 H  5 - - 89 + 3 (n  = 5) 65 _+ 20 (n  = 9) 

N C S  247-90  C H 3 C H  2 - - 95 + 3 (n  = 5) 55 + 16 (n  = 13) 

N C S  251-90  C 6 H s C H  2 - 24, 48 (n  = 2) 99 + 1 (n  = 3) 31 + 14 (n  = 3) 

N C S  252-90  ( C H 3 ) 2 C H  - - 81 + 3 (n  = 3) - 
N C S  253-90  p - H O - C 6 H s C H  2 - 30, (n  = 1) 91 + 5 (n  = 3) - 

N C S  254-90  C 6 H s C H 2 C H  2 - 56 + 4 (n  = 4) 97, 100 (n  = 2) 11 + 3 (n  = 4) 
N C S  258-91 p - C H 3 - C 6 H 4 C H  2 5, 11 (n  = 2) 55, 42 (n  = 2) 93, 86 (n  = 2) - 

N C S  266-92 p - M e O - C 6 H 4 ( C H 2 )  2 0 (n  = 1) 15, 38 (n  = 2) 88, 97 (n  = 2) - 
N C S  267-92  m - M e O - C 6 H a ( C H 2 )  2 0, 0 (n  = 2) 18, 35 (n  = 2) 73, 93 (n  = 2) - 
N C S  268-92  4 , 3 - M e t h y l e n e d i o x y  0, 0 (n  = 2) 0, 0 (n  = 2) 74, 58 (n  = 2) - 

N C S  281-93 C 6 H s C H 2 C H 2 C H  2 24, 10 (n  = 2) 57, 50 (n  = 2) 94, 96 (n  = 2) 4.7 + 0.7 (n  = 11) 
N C S  282-93 ( C ~ H s ) 2 C H C H  2 11, 27 (n  = 2) 75, 42 (n  = 2) 73, 100 (n  = 2) N o n - c o m p e t i t i v e  
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Table 6 
Derivatives with a modified ring structure 

~ ~  IN-. + ~ C O O H  

NH2 
CH 3 

~ N  + ~ C O O H  
S f f  N Br 

NH2 

I NCS 255-91 I 

.cs 261-91 1 

H 3CO.,~"~1 
L ~ . N . + ~  COOH 

~ L ~  N H 2 

r 
N ~,Tk~- NH 2 

I NCS 257-91 I 

K"o 

N + ~ C O O H  

I "cs 265-9, I 

+ _ ~COOH 

I NCS 264-91 1 

Compound Ring modification % Inhibition (0.1 mM) % Inhibition (1 mM) 

SR 95103 None 
SR 95531 None 
NCS 255-90 Thiazolium 
NCS 257-91 Pyrazinium 
NCS 261-91 Phthalazine 
NCS 262-91 Phthalazine 
NCS 264-91 Phthalazine 
NCS 265-91 Phthalazine 

0,6 
0,0 
0,8 
2.7+ 3 

43 + 18 

(n = 2) 
(n = 2) 
(n = 2) 

(n = 4) 

93 + 3 (n = 5) 
44+ 6 (n=6)  
49+ 9 (n=4)  
20, 65 (n = 2) 
14, 0 (n = 2) 
0, 25 (n = 2) 
8+ 5 (n=4)  

75 + 24 (n - 3) 

nega t ive  than  - 2 0  m V  and  a res t ing  input  conduc-  
t ance  be tween  2.0 and  3.5 ~S .  Reco rd ings  were  re-  
j ec t ed  if the  res t ing input  conduc t ance  fa i led  to r e tu rn  
to less than  120% of  the  cont ro l  a f te r  the  final wash. 

Al l  of  the  an tagonis t s  were  app l i ed  at a concen t ra -  
t ion up to 1 m M  in the  absence  of  G A B A  and  found  to 
have no effect  on m e m b r a n e  po ten t i a l  or  input  conduc-  
tance .  The  lack of  effect  of  the  c o m p o u n d s  on input  
conduc tance  showed tha t  the  c o m p o u n d s  do  not  act as 
G A B A  agonis ts  desp i t e  the  p re sence  of  the  G A B A  
s ide-cha in  in the  2-[3-carboxypropyl]  der ivat ives  or  as 
n icot in ic  agonis ts  desp i t e  the  ace ty lchol ine  s ide-cha in  
in the  2-[2 ' -acetoxyethyl]  der ivat ives .  

Fig. 1A and B i l lus t ra tes  the  first tes t  for  activity 
that  was ca r r i ed  out  on all of  the  antagonis ts :  30 /zM 
G A B A  was app l i ed  ini t ial ly and the  conduc t ance  in- 
c rease  p r o d u c e d  by the G A B A  al lowed to come to a 

s teady  state;  the  an tagon i s t  was then  app l i ed  at  a 
concen t r a t i on  of  1 raM, on top  of  the  G A B A  and again  
the  input  conduc tance  p e r m i t t e d  to come to a s teady 
state.  Fig. 1A shows the effect  of  a low po tency  com- 
pound ,  NCS 250-90: G A B A  inc reased  the  res t ing input  
conduc t ance  f rom 3.2 /xS to 5.0 /zS but  this r e m a i n e d  
u n c h a n g e d  in the  p re sence  of  the  an tagonis t  so tha t  
the  pe r c e n t  an t agon i sm was 0%. Fig. 1B shows the 
effect  of  a more  po t en t  an tagonis t ,  NCS 252-90: G A B A  
inc reased  the res t ing input  conduc tance  f rom 3.1 tzS to 
4 .5 /xS  so tha t  the  input  conduc tance  change,  AG,  was 
1.4 p~S. In the  p re sence  of  the  antagonis t ,  A G  was 0.3 
/xS and the pe r c e n t  an t agon i sm was 79%. The  effects  
of  10 /zM and 0.1 m M  antagonis t  were  also examined  
in a s imilar  manne r .  Tab les  1, 2, 3, 4, 5 and  6 summa-  
rize the  pe r c e n t a ge  an tagon i sms  obse rved  and illus- 
t ra te  the  s t ruc tures  of  the compounds .  



R.J. Martin et al. / European Journal of Pharmacology 276 (1995) 9-19 15 

3.1. Derivatives with modification of  the carboxylic func- 
tion 

Table 1 shows the list of compounds examined where 
the carboxylic group on the GABA chain has been 
replaced with sulphonic (NCS 248-90, NCS 249-90 and 
NCS 250-91), phosphonic (NCS 283-93) and tetrazole 
(NCS 274-93) groups. Comparison of the mean per- 
centage antagonism for NCS 249-90 and NCS 250-90 
with the mean percentage antagonism shown by SR 
95103, and the percent antagonism shown by NCS 
248-90 with the percent antagonism shown by NCS 
256-91, demonstrates that the introduction of the sul- 
phonic group significantly (all values at 1 mM P < 0.01) 
reduces potency and renders compounds inactive. The 
same is true when the phosphonic group of NCS 283-93 
replaces the carboxylic group of SR 95103. Comparison 
of the antagonism shown by 0.1 mM concentrations of 
NCS 274-93 with that of NCS 254-90 (Table 5) shows 
that replacing a carboxylic group with a tetrazole group 
significantly ( P  < 0.01) reduces the potency of the an- 
tagonist. 

3.2. Derivatives with the GABA side-chain modified 

The significant ( P  < 0.001) reduction in the mean 
percent antagonism of 1 mM NCS 194-83 when com- 
pared to SR 95103 (Table 2) shows the effect of in- 
creasing the length of the acid side-chain from 4 to 5 
atoms. Comparison of the structure and activity of 
NCS 260-91 (Table 2) with the structure and activity of 
NCS 263-91 (Table 4) shows that omission of the 
GABA side-chain leads to a significant (P  < 0.02) re- 
duction in activity. Similarly a comparison of the struc- 
ture and activity of NCS 276-93 (Table 3) with that of 
SR 95103 (Table 1) shows that replacing the GABA 
side-chain with an acetylcholine side-chain leads to a 
large (significant P < 0.01) reduction in potency. None 
of the acetoxyethyl derivatives were potent. It appears 
then that a 4-carbon carboxylic side-chain on the 2- 
position of the pyridazine ring is important for the 
potency of the antagonist. 

3.3. Derivatives with modification of  the 3-amino moiety 

Acylation of the 3-amino group leads to a reduction 
in activity: this is illustrated by comparing the percent 
antagonism produced by a 0.1 mM concentration of the 
acylated compound NCS 280-93 (Table 4) which is 
significantly ( P  < 0.01) less than the non-acylated ana- 
logue, NCS 254-90 (Table 5). Alkylation of the 3-amino 
group also leads to significant reduction (P  < 0.05 at 1 
mM) in activity and is seen by comparing NCS 263-91 
(Table 4) with NCS 247-90 (Table 5). The requirement 
for the 3-amino group for activity is illustrated by 
comparing the poor activity of a derivative that lacks 

the amine moiety, NCS 271-92 (Table 4) with the 
derivative which possesses the amine group and a 
greater inhibitory potency, NCS 254-93 (Table 4); the 
significance level at 0.1 mM was P <  0.01. Thus it 
appears that a free amine group in position 3 is re- 
quired for the potency of the antagonist. 

3.4. Modification of  groups in position 4 

The effect of substitution in the 4-position of the 
pyridazine ring has already been pointed out (Duittoz 
and Martin, 1991b). Substitution in this position ap- 
pears to be detrimental to antagonist potency at the 
vertebrate GABA a receptor but it is a prerequisite for 
antagonist potency at the Ascaris muscle GABA re- 
ceptor. The series of compounds shown in Table 5 
were designed to investigate further the structure-activ- 
ity relationships of substituents in this position. 

The high percentage antagonisms shown by the 
compounds: SR 95103, SR 95132, NCS 252-90, NCS 
247-90, NCS 251-90, NCS 254-90, NCS 258-91, NCS 
281-93, NCS 282-93 (Table 5) are consistent with the 
view that introduction of lipophilic groups in position 4 
facilitates the potency of the antagonist. The effect of 
introduction of the methoxy group on the phenyl ring 
of the 4-position chain in NCS 266-92 and NCS 267-92 
is to reduce the lipophilicity of the side-chain and to 
reduce the mean activity of the antagonists when com- 
pared to NCS 254-90 that lacks the methoxy group; the 
differences in potency, however, did not reach statisti- 
cal significance. Comparison of NCS 268-92 (a 4,3- 
methylene dioxy derivative of NCS 251-90) did reveal a 
statistically significant reduction (P  < 0.05 at 1 raM) 
following substitution of more lipophilic moieties. 

3.5. Mode of  action of  more potent antagonists 

It order to examine further the mode of action of 
the more potent antagonist, GABA dose-response 
curves were obtained in the absence and then in the 
presence of different concentrations of antagonist: Fig. 
2 shows an example of an experiment carried out with 
the antagonist NCS 247-90. Representative dose-re- 
sponse curves are shown in Fig. 3 for NCS 273-92, NCS 
247-90, NCS 251-90, and NCS 254-90, in Fig. 4 for 
NCS 282-93, and in Fig. 5 for NCS 281-93. 

Although there may be a small shift to the right with 
NCS 282-93 (Fig. 4) it was clear that the antagonism 
shown by NCS 282-93 was non-competitive (two experi- 
ments) because of the reduction of the slope of the 
dose-response curves: the other antagonists produced a 
parallel shift to the right without an obvious reduction 
in the maximum response, suggesting a competitive 
mechanism. 

Dose ratios were determined from these plots as the 
ratio of the concentrations producing nearly half the 
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in single cells and the effect of antagonists: NCS 247-90, NCS 251-90, 
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Fig. 4. Plot of GABA log-dose conductance-response relationship in 
a representative cell and the effect of the antagonist NCS 282-93. 
Note the small shift to the right but the reduction in the maximum 
response showing non-competitive antagonism. 

m a x i m u m  response  observed .  The  d issoc ia t ion  con- 
s tant ,  K B, of  the  an tagonis t s  were  then  e s t ima ted  for 
the  an tagonis t s  with the  equat ion :  

K B = ( D R  2 - I ) / X B ,  

where  X B is the  an tagon i s t  concen t r a t i on  and D R  is 
the  dose  rat io.  T h e  equa t ion  was used  to t ake  account  
of  the  coopera t iv i ty  of  the  Ascar i s  G A B A  r e c e p t o r  
which may be  exp la ined  by two molecu les  of  G A B A  
be ing  r equ i r ed  to o p e n  the  G A B A  channe l  but  only  
one  mo lecu l e  of  an tagon i s t  may  in te rac t  with the  re-  
c ep to r  to p reven t  o p e n i n g  (Dui t toz  and Mar t in ,  1991b). 

T h e  va lues  of  K B d e t e r m i n e d  are  shown in Tab le  5. 
I t  can be  seen  tha t  the  po tency  of  the  an tagonis t s  
i nc reased  from: SR 95103 with  a K B 6 4 / x M  (Dui t toz  

and  Mar t in ,  1991b); to NCS 247-90 with a K~ of  55 
/xM; to NCS 251-90 with  a K B of  31 /xM; to NCS 
254-90 with a K B of  11 /xM; to NCS 281-93 with a K B 
of  4.7 /xM. Thus  subs t i tu t ing  the  methyl  g roup  at  
pos i t ion  4 in SR 95103 with  a phenyl ,  phenylmethyl ,  
phenyle thyl ,  pheny lp ropy l  l eads  to a progress ive  in- 
c rease  in the  po tency  of  the  antagonis t .  

The  effect  of  the  most  p o t e n t  an tagonis t ,  NCS 281- 
93, on  the  G A B A  dose - r e sponse  re la t ionsh ip  was ex- 
amined  in t h ree  expe r imen t s  by using a mod i f i ed  Schild 
plot ,  Fig. 4B, and  by es t imat ing  the p a r a m e t e r s  of  Eq. 
1. The  g rad ien t  of  the  mod i f i ed  Schi ld  plot  of  Fig. 4B 
was 0.74. The  non- l inea r  least  squares  es t imates  for  the  
cons tan ts  of  Eq. 1 were:  n H was 1.55; M was 0.95; 
Gma x was 6 .3/xS;  the  ED50 for G A B A  was 21 /xM;  and 
the  K B for NCS 281-83 was 8.6 /xM. In two o the r  
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Fig. 5. A: Plot of the GABA log-dose-conductance response relationship in a representative cell and the effect of the antagonist NCS 281-93. 
Note the shift to the right and the absence of a reduced maximum response associated with the application of the antagonist. B: Modified Schild 
plot derived from the plot in (A); slope, 0.74; intercept on abscissa, 8 /xM. 



R.J. Martin et al. / European Journal of Pharmacology 276 (1995) 9-19 17 

experiments similar results were obtained. These ob- 
servations are consistent with the proposed mechanism 
whereby two molecules of G A B A  are required to pro- 
duce opening but only one molecule of antagonist is 
required to produce blocking (Duittoz and Martin, 
1991b). Similar values were est imated in single experi- 
ments for n H and M with the antagonists: NCS 273-92, 
NCS 247-90, NCS 251-90, NCS 254-90 and NCS 282-93. 

3.6. Modification of  the pyridazine ring structure 

Table 6 shows that NCS 255-90, a compound in 
which the pyridazine ring is replaced by a thiadia- 
zolium ring, and NCS 257-91, a compound in which the 
pyridazine ring is replaced by a pyrazine ring, have 
approximately the same inhibitory potency as SR 95531, 
a pyridazine derivative not substituted in the 4-posi- 
tion. However  NCS 255-90, NCS 257-91 and SR 95531 
are all significantly ( P  < 0.01) less potent  than SR 
95103 (a pyridazine derivative with a 4-methyl sub- 
stituent). These observations suggest that either the 
thiadiazolium or pyrazine ring could replace the pyri- 
dazine ring without a large change in potency. How- 
ever, without substitution in a position equivalent to 
the 4-position on the pyridazine ring, there would be 
no increase in potency of the analogue. 

Table 6 also shows the percent  inhibition results 
obtained with the phthalazine derivatives: NCS 261-93, 
NCS 262-93, NCS 264-93, NCS 265-93. These com- 
pounds, except for NCS 265-93, are significantly ( P  < 
0.01) less potent  than SR 95103. Comparison of the 
structure activities of NCS 247-90, NCS 263-91 and 
NCS 265-91 suggests that the phthalazine ring does not 
reverse the loss in potency produced by acylation of the 
3-amino moiety. 

4. Discussion 

We have measured the percent  antagonism of the 
conductance response to 30 /zM G A B A  as an initial 
measure  of  antagonist potency. Since this method used 
single concentrations of agonist and antagonist, it does 
not provide information about the type of antagonism 
involved. However,  within a group of chemically re- 
lated compounds such as the arylaminopyridazine 
derivatives, the percent antagonism can be used to 
indicate relative potencies. The method is a sensitive 
technique for detecting antagonism at the G A B A  re- 
ceptor because the concentration of G A B A  selected, 
30/.~M, is near  the ECs0 for the G A B A  dose-response 
curve (Martin, 1980) and therefore in the linear section 
of the log dose-response curve. The method also per- 
mits a larger number  of  compounds to be screened for 
activity. The compounds that had a higher percent  
antagonism than the starting compound,  SR 95103, 

were also examined by estimating their K B values 
using a range of G A B A  as well as antagonist concen- 
trations. The modified Schild analysis (Williams et al., 
1988; Duittoz and Martin, 1991b) was used to deter- 
mine KB, since it allows for the cooperativety pro- 
duced by two molecules of G A B A  being required for 
channel opening but only one molecule of antagonist 
being required to block the effect of GABA: this 
model has previously been shown to be appropriate  for 
describing the action of the arylaminopyridazine 
derivatives at the Ascaris G A B A  receptor.  

The estimated dissociation constant, KB, or the 
mean antagonism obtained when applied at a concen- 
tration of 0.1 mM or 1 mM in the presence of 30/.~M 
G A B A  gave the rank order of potency at the Ascaris 
muscle G A B A  receptor  as: NCS 281-92 > NCS 254-90 
> NCS 251-90 > NCS 247-90 > SR 95103 > NCS 258- 
91 > SR 95132 > NCS 272-92 = NCS 282-93 > NCS 
267-92 > NCS 252-90 > NCS 280-93 > SR 42666 = 
NCS 273-92 > NCS 259-91 = NCS 268-91 > SR 95133 
> NCS 255-90 > NCS 194-83 = SR 95531 = NCS 271- 
93 = NCS 257-91 > SR 42627 > NCS 260-90 > NCS 
248-90 > SR 42640 = NCS 264-90 = NCS 261-91 = 
NCS 283-90 > NCS 249-90 = NCS 250-90. The poten- 
cies of the arylaminopyridazine derivatives obtained 
previously (Duittoz and Martin, 1991b) are also in- 
cluded to permit  a fuller description of the antagonist 
profile. It  is pointed out that because of the large 
number  of compounds used in this list that the first of 
adjacent compounds is not necessarily significantly 
more potent  than the second of the adjacent com- 
pounds but the list gives an indication of the relative 
potencies of the series of arylaminopyridazine deriva- 
tives tested. At a mammalian G A B A  A receptor the 
potency order of the compounds tested is: SR 95531 > 
SR 4 2 6 6 6 > S R  4 2 6 2 7 > S R  9 5 1 0 3 > S R  9 5 1 3 3 > S R  
42640 > SR 95132 and it has already been pointed out 
that the different order in Ascaris (SR 95103 = SR 
95132 > SR 42666 > SR 95133 > SR 95531 > SR 42627 
> SR 42640) distinguishes the receptors. This differ- 
ence may be explained by differences in the accessory 
binding sites required by competitive antagonists rather 
than differences in the agonist binding site (Duittoz 
and Martin, 1991a,b). 

4.1. Modification of  the 2-position moiety 

The structure-activity relationship showed that sub- 
stitution of the carboxylic acid of the 2-(3-carboxypro- 
pyl) derivatives with sulphonic (NCS 249-90, NCS 250- 
90) or phosphonic acid (NCS 283-93) reduced potency. 
This effect appears  comparable  to the effect of substi- 
tution of the carboxylic group of G A B A  to produce 
3-APS and P4S (Holden-Dye et al., 1989) which pro- 
duces low potency agonists at the Ascaris GABA re- 
ceptor. Lengthening the side chain of the 2-position 
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moiety (NCS 194-83, 5C like 6-aminovaleric acid) was 
also detrimental to the potency as it is for the agonist 
6-aminovaleric acid. The observation that an intact 
GABA sequence is optimal for receptor recognition by 
the antagonist suggests that it is the 2-position moiety 
of the antagonist that binds to the Ascaris GABA 
agonist binding site. A distance of 5 A ° between the 
acidic and basic function is likely to pertain since 
extended agonists (trans-aminocrotonic acid) are more 
potent than folded agonists (cis-crotonic acid), Holden- 
Dye et al., 1989). Complete removal of the 2-position 
moiety (NCS 259-91, NCS 260-91) did not lead to 
abolition of GABA receptor antagonist activity suggest- 
ing that the remaining molecule can still recognize part 
of the GABA receptor site. Similar conclusions have 
been obtained with other arylaminopyridazine GABA 
receptor antagonists for a mammalian GABA A recep- 
tor (Wermuth et al., 1987). 

4.2. Modification of the 3-position 

It has been concluded from agonist and antagonist 
structure-activity studies for a vertebrate GABA A re- 
ceptor that: a GABA moiety bearing a positive charge 
is necessary for optimal receptor recognition by aryl- 
aminopyridazine derivatives and that additional bind- 
ing sites by N substitution are only tolerated if they are 
part of a charge-delocalized amidinic or guanidinic 
system; replacement of the endo-exo amidinic system 
leads to total inactivation of the compound (Wermuth 
et al., 1987). This is supported by the fact that isosteric 
replacement of the 3-amino group by a neutral group 
leads to total inactivation. In Ascaris, by contrast, the 
compounds NCS 270-92, NCS 271-92, and NCS 273-92 
which lack the 3-amino group still show antagonist 
activity at the GABA receptor, although they are re- 
duced in potency compared to the 3-amino derivatives. 
The anthelmintic piperazine, which is a selective GABA 
agonist in Ascaris (Martin, 1982), also lacks an ami- 
dinic or guanidinic system delocalizing charge, again 
suggesting that delocalization is not an absolute re- 
quirement in Ascaris. 

4.3. Substitution in the 4-position 

In vertebrates, substitution in the 4-methyl group of 
SR 95103 with hydrogen (SR 95531), leads to an in- 
crease in potency but replacement with a phenyl group 
is detrimental to antagonist potency (Wermuth et al., 
1987). By contrast, 4-position substitution appears to 
be a prerequisite for antagonist potency in Ascaris 
(Duittoz and Martin, 1991b). The difference between 
the vertebrate GABA receptor and the Ascaris recep- 
tor may be explained by obstruction of a free access 
zone between the anionic and cationic binding site 
(Wermuth and Rognan, 1987). The free access zone is 

required for receptor recognition in vertebrates but not 
Ascaris (Duittoz and Martin, 1991b). In the novel com- 
pounds studied in this paper, the introduction of more 
lipophilic groups increased the potency of the antago- 
nist compound. Starting from a 4-methyl substitution 
(SR 95103), the potency of the antagonists increased 
from: a K B of 64 p~M, Duittoz and Martin (1991b); to 
NCS 247-90 with 4-phenyl substitution and a K B of 55 
p~M; to NCS 251-90 with 4-phenylmethyl substitution 
and a K B of 31 ~M; to NCS 254-90 with 4-phenylethyl 
substitution and a K B of 12 ~M; to NCS 281-93 with a 
4-phenylpropyl and K B of 4 ~M. Thus, substituting 
the methyl group at position 4 in SR 95103 leads to a 
progressive increase in the potency of the antagonists. 

4.4. The GABA receptor as target site for anthelmintics 

GABA receptors mediating an increase in the CI- 
conductance of neuronal membranes are found in ver- 
tebrates as well as in invertebrate muscle and nerve 
membranes (Nistri and Constanti, 1979) including ne- 
matode parasite membranes (Martin, 1980,1982). It has 
already been pointed out in the Introduction that the 
agonist profile of the Ascaris muscle GABA receptor 
and a vertebrate GABA A receptor are similar but that 
the antagonist profile is very different (Holden-Dye et 
al., 1989; Martin et al., 1991). These observations may 
be explained by vertebrate GABA A receptors and As- 
caris muscle GABA receptors having similar agonist 
binding sites. The differences in the accessory binding 
sites required for antagonists may explain differences 
in the antagonist profiles (AriEns et al., 1979; Wermuth 
et al., 1987; Duittoz and Martin, 1991b). It is therefore 
suggested that a selective GABA receptor antagonist 
for nematodes and Ascaris may be easier than an 
agonist to find. 

Selective cholinergic agonist like levamisote, pyran- 
tel and morantel are used as anthelmintics and appear 
to work by acting as agonists on nematode muscle 
acetylcholine receptors (Harrow and Gration, 1985; 
Martin et al., 1991). Stimulation of the acetylcholine 
receptors produces depolarization and spastic paralysis 
of the nematode leading to its expulsion. Unfortunately 
resistance to therapy with these compounds is increas- 
ing requiring higher concentrations of anthelmintic to 
be used (Sangster et al., 1991) or the change to a drug 
that has another mode of action. One way of increasing 
the effectiveness of a therapeutic regimen would be to 
add a selective GABA receptor antagonist along with 
the selective cholinergic agonist so that the two com- 
pounds could act in concert producing depolarization, 
contraction and spastic paralysis. Further study of the 
structure-activity relationships of arylaminopyridazines 
may permit the development of therapeutic approaches 
that can control nematode parasites resistant to other 
anthelmintic agents. 
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