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SUMMARY

The effects of 24 biguanide and four guanidine derivatives on 5-
hydroxytryptamine (5-HTh receptors in Ni E-i 1 5 neuroblastoma
cells were examined using radioligand binding and whole-cell
voltage-clamp techniques. Displacement of the selective 5-HT3
receptor antagonist [3H]BRL 43694 by phenylbiguanide (PBG)
derivatives revealed K1 values ranging from 3.4 x 1 0� to 4.4 x
1 0-�� M. The rank order of potency of agonists was 2,3,5-
tnchloro-PBG > 2,3-dichloro-PBG = 2,5-dichloro-PBG = 3,5-

dichloro-PBG > 3,4-dichloro-PBG = 3-chloro-PBG > 2-chloro-
PBG = 4-chloro-PBG = 2-methyl-PBG = 2,4-difluoro-PBG>
PBG = 2-tnfluoro-5-chloro-PBG > 4-fluoro-PBG = 3-trifluoro-
methyl-PBG > 4-nitro-PBG = 1 ,5-bis-4-chloro-PBG = 3,5-ditn-
fluoromethyl-PBG > 4-ethoxy-PBG >> 4-sulfonic acid-PBG. All
of the benzylbiguanides and indanylbiguanide were inactive on
[3H]BRL 43694 binding or displaced it only weakly. The four
guanidine derivatives were quite inactive. In the PBG series, all
antagonist competition curves were steep (pseudo-Hill coeffi-
cients ranging from 1 .05 to 1 .58), monophasic, and best fit with

a one-site model. Among PBG derivatives, the chlorinated corn-
pounds exhibited a good degree of selectivityfor 5-HT3 receptors
versus other 5-HT receptor subtypes and other neurotransmitter
binding sites. Electrophysiological studies showed that the PBG
derivatives tested produced rapid inward currents, at a holding
potential of -65 mV, that showed rapid desensitization. The
current induced by the 2,3,5-trichloro-PBG derivative was inhib-
ited by the specific 5-HT3 receptor antagonist ICS 205-930 but
was unaffected by the 5-HT2 receptor antagonist ketansenn.
Analysis of concentration-response curves for the PBG deriva-
tives gave ECse values ranging from 2.2 x 1 0� to 2.7 x 1 0_8 M

and Hill slopes ranging from 1 .02 to 2.1 0. The rank order of
potency was similar to that obtained from the binding data, and
a good correlation was found between K, and EC50 values. It is
concluded that the tnple-chloro substitution yielded a compound
that is 30-fold more potent than 3-chloro-PBG and approximately
10-fold more potent than dichloro-PBG derivatives, making 2,3,5-
tnchloro-PBG the most potent 5-HT3 agonist described thus far.

The pharmacological characterization of the 5-HT3 receptor
has developed rapidly since the identification of potent and

highly selective antagonists (1-3). These compounds have been

proposed for therapeutic treatment of a wide range of patho-
logical conditions, including cytotoxic drug-induced emesis,

pain, anxiety, psychotic behavior, and memory disorders (4-7).
However, although many 5-HT3 receptor antagonists are now

available, there are few selective 5-HT3 receptor agonists cur-
rently being studied.

Using a rat nerve preparation, Ireland and Tyers (8) have
identified PBG as a 5-HT3 receptor agonist; more recently,
Kilpatrick et a!. (9) investigated the actions of a chlorinated

derivative of PBG, 3-chloro-PBG, in a 5-HT3 receptor binding

assay and in functional 5-HT3 receptor models in vitro (rat
isolated vagus nerve) and in vivo (Bezold-Jarish reflex in the

anesthetized rat). They have shown that 3-chloro-PBG is a

selective agonist with high affinity at 5-HT3 receptors in both
models. The agonist properties of 3-chloro-PBG were con-
firmed electrophysiologically in neuronal cell lines (10, 1 1).

In addition to PBG and 3-chloro-PBG, a variety of PBG
derivatives are now available from commercial sources. They

possess single (2-chloro-PBG, 4-chloro-PBG, 4-fluoro-PBG, 4-

nitro-PBG, 4-ethoxy-PBG, and 2-methyl-PBG) or double (2,5-
dichloro-PBG, 2,3-dichloro-PBG, 3,4-dichloro-PBG, 3,5-di-

chloro-PBG, and 2,4-difluoro-PBG) substitutions. To evaluate
the structure-activity relationship among biguanide derivatives,
some structurally related compounds (e.g., 2,3,5-trichloro-
PBG) were synthesized by our Chemistry Research Depart-
ment. This report describes experiments in which we examine
the potencies of 24 biguanides and four guanidines (Fig. 1) as

5-HT3 receptor agonists by 1) displacement of [3H]BRL 43694
binding to N1E-115 neuroblastoma cells and 2) generation of
an inward current through 5-HT3 receptors on the same cell

line for the most potent of them, using the whole-cell configu-
ration of the patch-clamp technique.

Materials and Methods

Chemicals

The ligand [3HIBRL 43694 [(endo)-N-(9-[3HJmethyl-9-azabicy-

clo[3,3,1]non-3-yl)-1-methyl-indazol-3-carboxamide] was obtained
from New England Nuclear (80 Ci/mmol). 2-Methyl-PEG, 4-ethoxy-
PBG, 4-sulfonic acid-PBG, 4-nitro-PBG, 2-guanidino-5-methylben-
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Fig. 1. Structures of the biguanide derivatives used in this study.
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PBG H H H H 0

2chloroPBG CI H H H 0

3-chloroPBG H CI H H 0

4chloroPBG H H CI H 0

2,3-duchloro PBG Cl Cl H H 0

25-dichloro PBG Cl H H Cl 0

3.4dchloro PBG H Cl CI H 0

3.5-dichioro PBG H CI H CI 0

2,3.5-trschloro PBG Cl Cl H Cl 0

4-fluoro PBG H H F H 0
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3.5-ditrifluoromethyl PBG H CF3 H CF3 0
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2-methyl PBG CH3 H H H 0

4-sulfonic acid PBG H H SO3H H 0

benzylbiguanide (BBG) H H H H 1

3-tnfluoromethyt BBG H CF3 H H 1

2-chloro-5-trifluoromethyl BBG CI H H CF3 1

Compound R X

2 -guanidino-5-methylbenzimidazole CH3 NH

2-guanidino- 5-trifluoromethylbenzimidazole CF3 NH

2-guanidino-5-trifluoromethylbenzothiazole CF3 S

2 -guanidino - 5-triftuoromethylbenzoxazole CF3 0

chiorhexidine 1.5 bis-4-chloro PBG

���©-�i: �
Cl � \tl.E: \t&(: �

indan-lyl biguanide

K�ii:i� Nt�. NQ� NH2

NH NH

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


734 Morain et al.

zimidazole, PBG, and 1,5-bis-4-chloro-PBG were obtained from Sigma
Chemical Co. (the Sigma-Aldrich Library of Rare Chemicals). 2-

Chloro-PBG, 3-chloro-PBG, 4-chloro-PBG, 4-fluoro-PBG, 3,4-di-

chloro-PBG, 2,5-dichloro-PBG, 3,5-dichloro-PBG, 2,3-dichloro-PBG,

and 2,4-difluoro-PBG were purchased from Maybridge Chemical Co.
3,5-Ditrifluoromethyl-PBG, 3-trifluoromethyl-PBG, 2-chloro-5-tri-

fluoromethyl-PBG, 2,3,5-trichloro-PBG, 2-guanidino-5-trifluorome-

thylbenzimidazole, 2-guanidino-5-trifluoromethylbenzothiazole, 2-

guanidino-5-trifluoromethylbenzoxazole, GR 38032F, GR 65630, and
ICS 205-930 were synthesized at the Institut de Recherches Servier.

BRL 43694 was obtained from Beecham. 5-HT, 8-OH-DPAT,
CGS12O66B, ritanserin, ketanserin, quipazine, MDL 72222, SCH
23390, butaclamol, alprenolol, prazosin, rauwolscine, and noradrenaline

were obtained from Research Biochemicals. The test compounds were
initially dissolved in dimethylsulfoxide to form 10 mM stock solutions

and were then further diluted in appropriate medium before use.

Cell Cufture

N1E-115 neuroblastoma cells (gift of Dr. Vijverberg, University of

Utrecht) were grown in Dulbecco’s modified Eagle’s medium supple-

mented with 10% decomplemented calf fetal serum, 2 mM glutamine,

100 IU/ml penicillin, and 100 �xg/ml streptomycin. For binding studies,
cells were grown in 75-m2 culture flasks. For electrophysiological ex-

periments, cells were plated on glass coverslips in 35-mm culture dishes
at a density of 50,000 cells/dish. The recording sessions were carried
out after 3-7 days of plating.

5-HT3 Receptor Binding Assays

Membrane preparation. The method was based upon that de-
scribed by Hoyer and Neijt (12). At confluency, the cells were harvested
by scraping into Earle’s balanced salt solution (GIBCO) and centrifuged

at 200 x g for 5 mm at 4’. The cell pellet was resuspended in Tris

buffer (20 mM Tris. HC1, 154 mM NaC1, pH 7.5), homogenized with a

Polytron blender (setting 9, 2 x 15 sec at 4’), and centrifuged at 900 x

g for 8 mm at 4’ (this operation was repeated twice). The pellet was

discarded and the supernatant was kept at -70’ until used. Protein

concentrations were determined according to the method of Bradford
(13).

Inhibition studies. Cellular preparations (0.5 mg) were incubated

in 0.5 ml of HEPES-Na� buffer (50 mM, pH 7.5) with 1 nM [3H]BRL

43694, in the absence or in the presence of increasing concentrations
of competing drugs. Assays were performed in duplicate. Tubes were

incubated at room temperature for 20 mm. The incubation was termi-

nated by rapid vacuum filtration, using a Brandel cell harvester,
through Whatman GF/B filters that had been presoaked in 0.1%

polyethylenimine. Filters were washed immediately with 3 x 5 ml of

ice-cold 50 mM Tris. HC1 buffer, pH 7.4, and placed into vials with 4
ml of Picofluor 40 scintillation cocktail. Radioactivity was quantified
by liquid scintillation counting. Nonspecific binding was determined in
the presence of 10 MM GR 38032F. Binding data were calculated using

Lundon 2 (Lundon Software, Cleveland, OH).
Kinetic studies. The saturation binding of [3H]BRL 43694 was

performed using 10 �M GR 38032F as displacer. The association rate
constant was determined by incubating [3H]BRL 43694 (1 nM) with

N1E-115 membranes at room temperature, in the absence or presence

of 10 zM GR 38032F, for various time periods from 0 to 60 mm. The
resulta were expressed as specific binding and plotted against time.

For dissociation experimenta, membranes were allowed to reach
equilibrium in the presence of 1 nM [3H]BRL 43694 for 20 mm;

dissociation was initiated by addition of 10 �zM GR 3&)32F. Expeni-
menta were analyzed by computer-assisted nonlinear regression analy-

sis (Micropharm program; developed by S. Urien, Paris XII University,
Creteil, France).

Other Radioligand Binding Assays

[3H]8-OH-DPAT binding (5-HT1A receptors) to rat brain mem-

branes was determined by modifications of the methods of Harrington

et a!. (14). Membranes (0.25 mg/mi protein) were incubated at 20’ for

60 mm with 0.5 nM [3H]8-OH-DPAT (190 Ci/mmol; NEN) in 50 m�

Tris. HC1 buffer, pH 7.7, supplemented with 4 mM CaCi2 and 10 �tM

pargyline. Nonspecific binding was determined in the presence of 10
�zM unlabeled 8-OH-DPAT.

[‘9]Cyanopindoloi (5-HT1B receptors) binding was performed as

described by Engel et al. (15), using a final concentration of ‘WI-

cyanopindolol (2000 Ci/mmol; Amersham) of 10 pM. To exclude any
interference with $-adrenoceptors, this binding was carried out in the

presence of (-)-isoproterenoi (50 �LM). Nonspecific binding was deter-

mined in the presence of 5-HT (10 kiM).

[3H]Mesulergine (5-HT�c receptors) binding was conducted as de-
scribed by Hoyer (16), in preparations of porcine choroid plexus.

Membranes (0.2 mg/mi protein) were incubated at 37’ for 30 rain with

1 nM [3H]mesulergine (84 Ci/mmol; Amersham). Filters were rinsed

three times with 5 ml of 0.1 mM Tris.HC1, pH 7.7, supplemented with

10 �M pargyline and 0.1% ascorbic acid. Nonspecific binding was

measured in the presence of 10 �M 5-HT.
[3H]Ketanserin binding (5-HT� receptors) was carried out according

to the method of Leysen et a!. (17), with the following modifications:
rat brain microsomes (0.2 mg/ml protein) were incubated with 1 nM

[3H]ketanserin (60 Ci/mmol; NEN) for 60 mm at 20#{176}in 50 m�.i Tnis.
HC1 buffer supplemented with 4 mM CaC12 and 10 �xM pargyline.

Nonspecific binding was determined using 10 �iM unlabeled ketansenin.

[3HISCH 23390 binding (Dl receptors) was determined by modifi-
cations of the methods of Hess et aL (18). Rat brain microsomes (0.2

mg/ml protein) were incubated with 0.2 nM [3HJSCH 23390 (78 Ci/
mmol; Amersham) for 60 mm at 20’. Unlabeled SCH 23390 (10 �M)

was included for determination of nonspecific binding.
[3H]Raclopride binding (D2 receptors) was carried out according to

the method of K#{246}hleret at. (19), with the following modifications: the
binding assay was performed using rat striatum homogenates. Mem-

branes (0.9 mg/ml protein) were incubated with 1 nM [3H]raclopnide
(83 Ci/mmol; Amersham) for 30 mm at 20’.

[3H]Prazosin binding (a1-adrenoceptors) was conducted as described

by Glossmann et a!. (20), with the following modifications: rat brain

microsomes (0.25 mg/mi protein) were incubated at 20’ for 60 mm
with 0.2 nM [3Hlprazosin (79 Ci/mmol; Amersham). Nonspecific bind-
ing was determined in the presence of 10 zM unlabeled prazosin.

13H1RX821002 binding (a2-adrenoceptors) (48 Ci/mmol; Amersham)
was carried out according to the method of Hudson et aL (21), with the
following modifications: membrane aliquota (0.4 mg/ml protein) were
incubated at 20’ for 60 mm with 2 nM [3H]RX821002. Nonspecific

binding was determined using 10 �M (-)-adrenaline.

[3H]Dihydroalprenolol binding ($-adrenoceptors) was determined by
modifications of the methods of U’Prichard et a!. (22). Rat brain

microsomes (0.3 mg/mi protein) were incubated at 20’ for 30 mm with
0.4 nM [3H]dihydroalprenolol (110 Ci/mmol; Amersharn). Nonspecific

binding was determined using 1 �iM alprenolol.

Electrophysiological Recordings

Currents were recorded in the whole-cell mode, using standard patch-
clamp techniques (23). Patch pipettes were made from 1.5-mm (o.d.)

electrode glass in two stages on a BB-CH (Mecanex SA) puller and

were filled with a filtered (0.2-tim Millipore filter) solution containing

130 m�i KC1, 1 m�s MgC12, 10 mM HEPES, and 10 mM EGTA, pH

adjusted to 7.15 with KOH. N1E-115 cells were continuously perfused

at a flow rate of 2 mi/mm with a solution consisting of 140 mM NaCl,

5 mM KC1, 2 mM CaCl2, 1 mM MgCl2, and 10 mM HEPES, pH adjusted

to 7.4 with NaOH. Cells were viewed with an inverted microscope with

phase-contrast optics; those selected for experiments had circular mor-

phology, with central cytoplasmic thickening and few processes. The

experiments were performed at 20-25’. Only patches with seals of �3
M�l were used.

Agonists were applied locally from perforated tubes positioned close

to the cells, allowing a complete change of agonist concentration within

80-100 msec. To calibrate the rate of solution exchange, we monitored
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the current at -65 mV. The application of a saline solution in which

40 mM KC1 was added led to an inward current due to the change in

the electrochemical gradient accross the cell membrane. The time from
the onset of the inward current to the establishment of a new stable
value was taken as the time for complete solution exchange. This was
typically 90 msec.

Full concentration-response curves for agonists were obtained by
sequentially applying increasing concentrations of the drug. The ago-
nist was then washed out and at least 15 mm were allowed to elapse

before the next concentration of agonist was applied. The responses
were then evaluated as the peak of inward current from cells voltage

clamped at -65 mV. Each curve was fitted to the logistic equation I =

IIDAZX [agonist]/(EC� + [agonist])’,, (where �H represents the Hill
slope coefficient) by a nonlinear least-squares curve-fitting program.

For experiments involving inhibition studies, the antagonists were
bath-applied 2 mm before and after the application of agonist, as well
as during agonist application. Voltage-clamp experiments (voltage pro-
tocol generation and data storage and analysis) were performed using

an amplifier (Biologic RK300) connected by an interface (Axon Instru-
ments) and an analog-digitial converter (Scientific Solutions) to a

microcomputer (IBM PC-AT) equipped with appropriate software
(pClamp; Axon Instruments).

Results

[3HJBRL 43694 Binding Sites

Kinetic experiments. Kinetic analysis of [3H]BRL 43694

binding demonstrated that it was rapid, reaching a plateau in
8 mm (Fig. 2A). Fifty percent association occurred after 1.1

mm (k+1 = 3.7 x 108 M’ min’). Addition of 10 zM GR 38032F

displaced 50% ofspecific binding in 3.49 mm (k1 = 0.19 min�)
(Fig. 2B). The kinetically derived K,, (k_1/k+1) was 0.53 ± 0.03

nM, in good agreement with the K,, value obtained from equi-
libnium binding experiments.

Saturation binding analysis. Specific [3H]BRL 43694

binding has been shown to be saturable. At 1 nM, [3H]BRL

43694 specific binding (defined in the presence of 10 �tM GR

38032F) routinely represented 98-99% of total binding (Fig.
2C). Scatchard analysis (Fig. 2D) revealed a Kd of 0.54 ± 0.09

nM and a B� of527 ± 37 fmol/mg ofprotein (mean ± standard

error, n = 11).

Competition studies. Drug competition studies (Table 1)

showed that the known 5-HT3 antagonists ICS 205-930, BRL
43694, quipazine, MDL 72222, GR 38032F, and GR 65630

potently displaced (K1 values in the nanomolar range) specific
[3H]BRL 43694 binding. Hill analysis ofthe competition curves
for these compounds showed slopes close to unity. The agonists
5-HT (K, = 42 ± 7 nM) and 2-methyl-5-HT (K = 350 ± 30

nM) also inhibited [3H]BRL 43694 binding. Hill coefficients for
the agonists were found to be slightly greater than unity. Drugs
known to interact with other 5-HT receptor subtypes, such as
ketanserin, nitansenin, mesulergine, methysergide, CGS12O66B,
and 8-OH-DPAT, displaced specific binding only weakly. Drugs

acting at other neurotransmitter receptors (noradrenaline, al-
prenolol, prasozin, rauwolscine, noradrenaline, SCH 23390, and

butaclamol) were inactive with [3H]BRL 43694 binding or
displaced it only weakly.

PBG Derivative Competition Studies

The ability of 20 PBG derivatives and eight structurally

related compounds (Fig. 1) to inhibit [3HJBRL 43694 specific

binding was analyzed in N1E-115 cell membranes (Table 2). In
the PBG series, chloro substitution in position 3, position 2, or
position 4 gives rise to compounds having a better affinity for

[3H]BRL 43694 binding sites, compared with PBG, with the

following rank order ofpotency: 3-chloro-PBG > 2-chloro-PBG

> 4-chloro-PBG >> PBG, with respective K values of 1.3 x
10_8 M, 6.9 x i0-� M, 1.7 x i0� M, and 5.3 x i0-� M.

Affinity was further increased, compared with 3-chloro-PBG,
for the 2,3-dichloro-, 2,5-dichloro-, and 3,5-dichloro-PBG ana-

logues, with 3,5-dichloro-PBG having the highest affinity (K,

values for 2,3-, 2,5-, and 3,5-dichloro-PBG derivatives were

4.7 x i0-� M, 2.9 x i0� M, and 1.2 x i0� M, respectively). In

contrast, the dichloro substitution at positions 3 and 4 did not

improve the affinity, compared with 3-chloro-PBG. The global
rank order of potency for the chloro-substituted compounds
was 3,5-dichloro-PBG = 2,5-dichloro-PBG = 2,3-dichloro-PBG
> 3-chloro-PBG = 3,4-dichloro-PBG > 2-chloro-PBG > 4-

chloro-PBG >> PBG. The optimal compound tested thus far

was 2,3,5-trichloro-PBG, with a K, value of 4.4 X 10’#{176}M. All

of these analogues gave complete inhibition of specific [3H]
BRL 43694 binding, with Hill coefficients slightly greater than
unity (ranging from 0.97 to 1.5).

Four other PBG-related compounds showed a slight increase
in affinity, compared with PBG, i.e., 2-methyl-PBG, 2,4-di-

fluoro-PBG, chlorhexidine, and 2-chloro-5-trifluoromethyl-
PBG, with respective K, values of 1.6 x i0� M, 2.6 X i0� M,

2.8 x i0-� M, and 3.0 x i0� M. 4-Fluoro-PBG and 3-trifluoro-
methyl-PBG gave K, values in the same range as did PBG

(respective K, values of 6.2 x i0� M and 7.0 x i0� M). Note
that the 3,5-ditrifluoromethyl substitution induced further de-
crease of affinity (K, = 1.2 x 10� M). Furthermore, 4-nitro-

PBG, 4-ethoxy-PBG, 4-sulfonyl-PBG, and 1,5-bis-4-chloro-

PBG were much less active compounds. Finally, all benzylbi-

guanides, as well as indanylbiguanide and the four guanidines
studied, were inactives.

Specificity in Radioligand Binding Assays

The specificity of the most potent compounds was tested in

radioligand binding assays for other 5-HT receptor subtypes
and other neurotransmitter recognition sites. In general, the
dichloro- and tnichloro-PBG derivatives were weak inhibitors
of the binding of other 5-HT receptor subtype ligands (Table
3). In contrast to their greater affinity for the 5-HT3 receptor,
the dichloro- and trichloro-PBG derivatives showed K, values
in the same range as that of 3-chloro-PBG in [3H]8-OH-DPAT,

[3H]mesulergine, �I-cyanopindolol, and [3H]ketansenin bind-
ing assays. The dichloro- and tnichloro-PBG derivatives were
also weak inhibitors in [3H]dihydroalprenolol, [3H]raclopride,
and [3HJSCH 23390 binding assays. In contrast, these com-
pounds showed an increased affinity for a�- and a2-adrenergic

binding sites, compared with 3-chloro-PBG, but 2,3,5-tnichloro-

PBG retained a 1000-fold selectivity for the 5-HT3 site versus

the a-adrenergic recognition sites.

Electrophysiological Studies

Previous electrophysiological studies showed that 5-HT ap-
plication elicited fast inward currents that desensitized rapidly.
In the present study, the characteristics of 5-HT3-induced
current were qualitatively similar to those reported by others
(24-26) for 5-HT3 receptor activation; the amplitude of the 5-

HT-induced currents increased with increasing 5-HT concen-
tration and reached a maximum above 30 �tM.

The analysis of concentration-response curves yielded an

ECre value of 2.2 �eM and a slope factor of 1.7. Neither meth-

ysergide (1 MM) nor ketanserin (1 �M) had any effect upon 5-
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Fig. 2. Kinetic studies and equilibrium saturation analysis of specific [3H]BRL 43694 binding to Ni E-1 15 cell membranes. A, Time course of [3H]
BRL 43694 (1 nM) association to NE-i 15 membranes at room temperature. Specific binding, as defined with GA 38032F (1 0 SM), is expressed as
dpm and plotted against incubation time. The association rate constant (k1) was estimated to be 3.7 x iO� M1 min1. Values are the means of
duplicate determinations from a typical experiment. B, Time course of dissociation of [3HIBRL 43694 binding from Ni E-1 15 membrane after
incubation with [3H]BRL 43694 (1 nM) at room temperature for 20 mm. GA 38032F (1 0 �M) was added at time 0. The dissociation rate constant
(k1) was estimated to be 0.19 min1. C, Concentration curves of [3H]BRL 43694 (0.2-7 nM) total (#{149}),specific (solidllne), and nOnSpecifiC (0) binding
to Ni E-1 15 cell membranes. Results are from a single representative experiment. D, Scatchard transformation of these data, revealing a Kd value
of 0.55 nM and a B� value of 588 fmol/mg of protein in this experiment.

HT-evoked currents in N1E-115 cells (27). In contrast, ICS
205-930 and GR 38032F inhibited the 5-HT-evoked current in
a concentration-dependent and reversible fashion in all cells

examined. Two previously described selective 5-HT3 agonists,
i.e., PBG and 3-chloro-PBG (9, 10, 28), and five other PBG

derivatives were tested on N1E-115 cells. Fig. 3 shows that the
PBG derivatives tested elicited inward currents at a holding
potential of -65 mV, with time courses similar to those ob-
tamed with 5-HT, PBG, and 3-chloro-PBG.

The reversal potential of the agonist-induced current was
approximately 0 mV and was not obviously different for any
of the compounds tested (Fig. 4). All of the agonist-induced

currents were blocked by the selective 5-HT3 receptor antago-
nist ICS 205-930 (3 nM) but were not affected by ketansenin (1
�xM) (Fig. 5). The concentration-response relationship for each
agonist was examined in six to 15 cells. To pool results from
individual cells, the responses were normalized to the maximum
current elicited by saturating concentrations of agonist (Fig.
6). The fit of the data to the logistic equation was good. The
maximal peak inward current, the concentration activating

half-maximal inward current (ECre), and the Hill coefficient
(nH) for each agonist are listed in Fig. 6.

The apparent affinity for each agonist remained approxi-

matively constant from one cell to another. In contrast, the

peak current amplitude elicited at saturating concentration for
each agonist varied significantly between cells, presumably due

to differences in the number of receptors per cell. The dichloro-

PBG derivatives were all more potent (3-6-fold) than 3-chloro-

PBG, with the exception of 3,4-dichloro-PBG, which was less

potent (with an EC�,o value in the same range as that of 3-
chloro-PBG); 3-chloro-PBG itselfwas 3-, 20-, and 30-fold more

potent than 5-HT, 3-tnifluoromethyl-PBG, and PBG, respec-

tively. Finally, as in the binding studies, 2,3,5-trichloro-PBG

was found to be the most active compound, with 10-fold greater

potency compared with the dichloro-substituted compounds

and 30-fold greater potency compared with 3-chloro-PBG. The
rank order of potency was 2,3,5-tnichloro-PBG >> 2,3-dichloro-

PBG = 3,5-dichloro-PBG = 2,5-dichloro-PBG > 3,4-dichloro-
PBG = 3-chloro-PBG > 5-HT >> 3-trifluoromethyl-PBG =

PBG. The estimated Hill coefficients were greater than 1 (1.49-

2.1) for the tested compounds, except for 3,5-dichloro-PBG and

2,5-dichloro-PBG, which showed slope factors near unity.

Responses to saturating concentrations of 5-HT and 2,3,5-
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TABLE 1

Pharmacological profile of specific binding of [3H]BRL 43694 to
NIE-115 homogenates
Results are the mean ± standard error of three determinations, eath performed in
duplicate. For Hilt number determinations, alt standard errors were <0.1.

Drugs K, H�I number

nM

5-HT 42±7 1.3
2-Methyl-5-HT 350 ± 30 1.3
8-OH-DPAT 33,000 ± 4,000 1.4
CGS12O66B 620 ± 90 1.1
Mesulergine >100,000
Methysergide >100,000
Ritansenn 4,500 ± 50 0.9
Ketanserin 64,000 ± 4,000 0.7
ICS 205-930 0.3 ± 0.08 0.9
BRL43694 0.65±0.13 0.92
MDL 72222 4.3 ± 0.5 0.6
GA 38032F 3.0 ± 0.6 0.9
GA 65630 0.41 ± 0.05 1.0
Quipazine 2.9 ± 1 .2 1.3
SCH 23390 6,300 ± 400 1.0
Butaclamol 19,000 ± 5,000 1.5
Alprenolol 63,000 ± 6,000 0.9
Prazosin >100,000
Rauwolscine >100,000
(-)-Noradrenaline 56,000 ± 3,000 1.3

TABLE 2

Afflnfty values and Hill coefficients of biguanide derivatives,
determined by competition assays with radiolabeled 5-HI3
receptors in N1E-115 homogenates
Resufts are the mean ± standard error of three determinations, each performed in

duplicate.

Drugs K, HI number

nM

PBG 530 ± 120 1.41 ± 0.23
2-Chloro-PBG 69 ± 25 1 .1 8 ± 0.14
3-Chloro-PBG 13±2 1.55 ±0.12
4-Chloro-PBG 170 ± 10 1 .15 ± 0.13
2,3-Dichloro-PBG 4.7 ± 1 .0 1 .25 ± 0.20
2,5-Dichloro-PBG 2.9 ± 1 .5 1 .38 ± 0.10
3,4-Dichloro-PBG 20±5 1.05 ±0.14
3,5-Dichloro-PBG 1 .2 ± 0.1 0.98 ± 0.07
2,3,5-TIichIOrO-PBG 0.44 ± 0.09 1.58±0.15
4-Fluoro-PBG 620 ± 70 1 .02 ± 0.26
2,4-Difluoro-PBG 260 ± 0.1 1 .33 ± 0.06
3-Trifluoromethyl-PBG 700 ± 1 0 1 .52 ± 0.07
3,5-Ditrifluoromethyl-PBG 1 ,200 ± 100 1 .16 ± 1.11
2-Chloro-5-trifluoromethyl-PBG 300 ± 20 1 .49 ± 0.25
4-Nitro-PBG 910 ± 140 1 .22 ± 0.17
4-Ethoxy-PBG 8,300 ± 2,700 0.75 ± 0.20
2-Methyl-PBG 160 ± 20 1 .20 ± 0.22
4-Sulfonic aCId-PBG >100,000
Benzylbiguanide 9,600 ± 1 400 0.81 ± 0.12
3-Trifluoromethylbenzylbiguanide 53,500 ± 2,507
2-Chloro-5-trifluoromethylbenzylbi- 8,750 ± 2,500 0.76 ± 0.18

guanide
2-Guanidino-5-methylbenzimidazole 36,000±5,900
2-Guan�ino-5-trifiuoromethylbenzim- 40,000±2,005

idazole
2-Guanidino-5-trifiuoromethylbenzo- 52,000 ± 4,011

thiazole
2-Guanidino-5-trifluoromethylbenzox- >100,000

azole
Chlorhexidine 280 ± 10 1 .14 ± 0.12
1 ,5-Bis-4-chloro-PBG 1.500±200
lndan-1-ylbiguanide 27,500 ± 14,500

tnichloro-PBG reached similar peak amplitudes when studied

in the same cell (Fig. 7). The response to 2,3,5-trichloro-PBG
was 107 ± 13% (n = 8) of the maximum response to 5-HT.

Thus, 2,3,5-trichloro-PBG appears to act as a full agonist in
these cells.

Discussion

We have chosen two experimental systems in which to com-
pare the 5-HT3 agonist potencies and efficacies of a series of
24 biguanide and four guanidine derivatives. Our goal was to
evaluate some structure-activity relationships among substi-
tuted biguanides. Our results are in good agreement with results
described previously (9-11) concerning the PBG derivatives for
which data are available. This study extends those findings
with data on a series of as yet untested PBG derivatives,
particularly those with triple substitution.

Characteristics of 5-HT3 binding sites in N1E-115
homogenates, using [3H]BRL 43694. Although the binding

characteristics of [3H]ICS 205-930 have been investigated in
N1E-115 membrane preparations (12), there is relatively little
information on the use of other commercially available 5-HT3
receptor-specific radioligands in this cell line. We reported here

some characteristics of 5-HT3 binding sites in N1E-115 neuro-

blastoma cells using the specific 5-HT3 ligand [3H]BRL 43694,
which was previously used in rat brain cortex (29-31) and in

bovine area postrema (30).
Scatchard plots of saturation binding data indicated the

presence of a homogeneous class of [3H]BRL 43694 binding
sites on N1E-115 cell membranes, with a K,, of 0.54 ± 0.09 nM
and a Bmaz of 527 ± 37 fmol/mg of protein. Competition studies

with a selection of agonists and antagonists revealed the phar-

macological profile expected for a 5-HT3 receptor. The high
density of 5-HT3 sites in N1E-115 cells allows this cell line to
be used for both binding and electrophysiological experiments.

Methodological considerations. Although the relative po-
tencies of agonists in patch-clamp experiments compare favor-
ably with the relative K, values of these compounds for inhib-
iting specific binding of [3H]BRL 43694 (Pearson correlation

coefficient = 0.999; p < 0.001) (Fig. 8), the K, values are
approximately 100-fold lower (i.e., higher affinity) than the
EC� values derived from patch-clamp experiments. In electro-
physiological recordings using N1E-115 neuroblastoma cells in
culture, we used a fast superfusion technique by which the
composition of the medium surrounding the 5-HT3 receptors
can be tightly controlled. It thus seems unlikely that potency
differences between the two experimental systems may be due
to incomplete access of the drugs to the receptors or to concen-
trations of endogenous ligand that would compete with the
agonists for the receptors and reduce their apparent potency.
A more attractive explanation for discrepancies between bind-
ing and electrophysiological studies has been suggested by
Sep#{252}lvedaet aL (10), in terms of a higher affinity of agonist for
a desensitized state induced by experimental conditions in
binding assays, compared with a lower affinity in patch-clamp

experiments, which would reflect the interaction of agonist
with a nondesensitized receptor state. Thus, the potencies of
5-HT3 agonists in eliciting a functional response would be best

related qualitatively to their affinities for a lower affinity state
of the 5-HT3 receptor. The 5-HT3 receptor belongs to the same

structural family as the nicotinic acetylcholine receptor (32),
which shows transitions between a limited number of confor-
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TABLE 3
Comparative activities of PBG derivatives at 5-HI receptor subtypes and other neurotransmftter binding sites
Results are the mean ± stand ard error of three determ nations, each performed in duplicate.

n=$u.�w
K,

3.chloro-PBG 2,3-Dichloro-PBG 2,5.Oichloro.PBG 3,5.Dichioro.PBG 2,3,5-Thchloro-PBG

�M

[3H]BAL43694 0.013 ± 0.002 0.0047 ± 0.001 0.0029 ± 0.0015 0.0012 ± 0.0001 0.00044 ± 0.00009
[3H]8-OH-DPAT
lrel�Cyanopindolol

[3H]Ketanserine
[3H]Mesulergine
[3H]Prazozin
[3H]AX821002
[3H]Dihydroalprenolol
[3HISCH 233390
[3H]Aaclopride

20 ± 5
67 ± 2

5.7 ± 0.1
1.4 ± 0.3
14 ± 1

3.8 ± 0.1
29 ± 1
49 ± 1 9

>100

7.1 ± 0.4
25 ± 1

1.8 ± 0.1
7.4 ± 4.6

0.66 ± 0.02
0.0033 ± 0.0007

7.6 ± 0.4
25 ± 13
62 ± 19

28 ± 1
34 ± 8

7.5 ± 0.7
2.5 ± 1
2.9 ± 0.1

0.17 ± 0.01
77 ± 37

9 ± 2
17 ± 1

12 ± 1
29 ± 2

9.2 ± 4.8
0.9 ± 0.1
3.3 ± 0.2
1.9 ± 0.1

9 ± 1
1 0 ± 3
17 ± 5

10 ± 2
8.6 ± 0.7
0.9 ± 0.3

0.54 ± 0.13
0.54 ± 0.12
0.37 ± 0.08

4.5 ± 0.7
2.6 ± 0.2
8.3 ± 2.1

U F�QQ�ms r300 pA10�

I �3.iO�

3.108

1� i

too pA

h2�2P

-6

E 3,4-dichloroPBG �1o

1��-���

Fig. 3. Concentration-dependent inward current
responses evoked by 5-HT(A), 3-chloro-PBG (B), 2,3-
dichloro-PBG (C), 2,5-dichloro-PBG (D), 3,4-dichloro-
PBG (E), 3,5-dichloro-PBG (F), and 2,3,5-trichloro-

�oo pA PBG (G), in Ni E-1 15 cells voltage clamped at -65
ILQ2�QPme mV. All traces are from different cells.
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00 pA

[129.2.0 mm

Fig. 4. Current-voltage relationships of the ionic currents induced by 10
�iM 5-HT (#{149}),10 MM 3,4-dichloro-PBG (V), 10 �M 2,5-dichtoro-PBG (0),
10 �LM 3,5-dichloro-PBG (0), 10 �M 2,3-dichloro-PBG (Lx), and 10 �iM

2,3,5-trichloro-PBG (0). Amplitudes for each cell were normalized to the

amplitude of the respective agonist-induced current at the holding poten-
tial of -60 mV. The responses of the chlorinated derivatives of PBG
reversed between 0 and 10 mV.

mations with different binding and channel properties (33). In
particular, incubation with an agonist results in the stabiliza-
tion of a closed desensitized state with high affinity for agonist.
Recent evidence (34) suggests that the conformational change
that underlies desensitization is similar for 5-HT3 and neuronal
nicotinic acetylcholine receptors. This further supports the
argument that desensitization induces a conformational change
to a form that has high affinity for agonist, suggesting a general

mechanism of modulation for the members of the superfamily
of ligand-gated ion channels. However, additional studies are
clearly required to support this argument.

Structure-activity relationship. Phenyl ring substitution
of PBG produced compounds that are potent and selective
agonists of the 5-HT3 receptor in N1E-115 cells. As noted

previously (9-11), 3-chloro substitution led to a compound with

40-fold increased affinity for the 5-HT3 receptor. Here, we
found that 2- and 4-chloro substitution also resulted in an
increase of affinity, but to a lesser extent.

Except for 3,4-dichloro-PBG, the dichloro substitution had
a beneficial effect on affinity, with the 2,3-dichloro-, 2,5-di-
chloro-, and 3,5-dichloro-PBG derivatives having higher affin-
ity (approximately 3-10-fold) than 3-chloro-PBG. Ofthe chloro

substitutions tested, that at the 4-position appeared to be less
favorable.

Finally, affinity was further increased with 2,3,5-tnichloro-
PBG, which is a full agonist with a good degree of specificity
for the 5-HT3 recognition site, relative to other 5-HT receptor
subtypes and the other neurotransmitter receptors examined
in our study. These results from the binding studies paralleled

those from the patch-clamp tests, where activity was dramati-

cally increased when the phenyl ring of PBG was substituted
with a chlorine atom (approximately 30-fold in the case of 3-

chloro-PBG).
An increase in activity was encountered when a second

chlorine atom was introduced on the phenyl ring (from 1.5-fold

for 3,4-dichloro-PBG to almost 6-fold for 2,3-dichloro PBG).

In full agreement with binding studies, 2,3,5-tnichloro-PBG was
the most potent agonist, with an EC� of 27 nM, which is an
additional gain of 5-fold, compared with the most potent deny-
ative in the dichloro series. A rapid comparison of the activities
of the chloro-substituted PBG derivatives in the binding and
patch-clamp studies shows a good correlation; the monochloro-
PBG derivatives were always more potent than PBG. The

dichloro-PBG derivatives were always more potent than the
monochloro-PBG derivatives, except for 3,4-dichloro-PBG,
whose activity in both experiments was in the same range as

that of 3-chloro-PBG. Finally, the tnichloro-substituted com-
pound is the most potent 5-HT3 agonist known at this time.

Other substitutions on the phenyl ring gave compounds with

much less activity. The activity of 3-tnifluoromethyl-PBG in
both systems paralleled that of PBG. This result is surprising
because the trifluoromethyl group is often used in place of a
chlorine atom and we expected results similar to those for 3-
chloro-PBG. The same comment can be made for the 4-

Ics 205-930

Fig. 5. Pharmacology of 2,3,5-trichloro-PBG-iriduced cur-
r0 pA rents in Ni E-i 15 cells. Upper tracings, reversible antag-
ltQ9�QP mm onism of the 2,3,5-trichloro-PBG-evoked response by the

5-HT3 receptor antagonist ICS 205-930 (3 nM). Lower
tracings, lack of effect of ketanserin (1 �LM) on 2,3,5-
trichloro-PBG-induced currents. The currents shown
were obtained at a holding potential of -65 mV. All
tracings are from different cells.

2 � 3 � 5 -trichloroPBG
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3 chloro PBG 0 76 1 49
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2.5 dichloro PBG 0 23 1 02

3.5 d,chloro PBG 0 19 1 07

2.3 duthloro PBG 0 1 3 1 55

2.3.5 trichloro PBG 0 027 1 36

Fig. 6. Concentration-response curves for agonist-induced inward cur-
rents measured at a holding potential of -65 mV. The current amplitudes
were normalized to the maximum response elioted by a saturating
concentration of each agonist. Data are mean ± standard error of six to
15 determinations. The EC� values and Hill coefficients are also given.
CF3M PBG, 3-trifluoromethyl-PBG.

5 HT

icr5M

2 ,3 ,5 -tric hloroPBC

105M

too pA

4000 mm

Fig. 7. Inward current responses to the application of 10 � 5-HT and
10 LM 2,3,5-trichloro-PBG, measured in the same cell voftage clamped
at -65 mV.

fluoro-, 4-sulfo-, and 4-nitro-substituted PBG derivatives,
which are much less potent than 4-chloro-PBG.

Curiously, 2-methyl-PBG has an interesting range of activity
similar to that of 4-chloro-PBG. It would be useful to assay

other methyl-substituted or mixed methyl- and chloro-substi-

tuted PBG derivatives, to determine whether these double

Fig. 8. Comparison of EC� values of PBG derivatives in patch-clamp
experiments with K, values of these compounds for inhibiting specific
binding of [3H]BRL 43694 (Pearson correlation coefficient = 0.999, p <
0.001).

substitutions would yield the same beneficial effects on affinity
as do the dichloro substitutions.

The inductive electron-withdrawing properties of a chlorine

atom on the phenyl ring do not seem sufficient to explain the
strong activity of the chloro-substituted PBG derivatives, be-
cause nitro and sulfo (and even fluoro) substituents are also
strong inductive electron-withdrawing groups. An interesting
alternative could be found in the mesomeric electron-donating

properties of the chlorine atom, which could explain the differ-
ence because nitro and sulfo groups are mesomeric electron-

withdrawing groups.

Finally, both these inductive and mesomenic electron prop-

erties play a major role in the acidic character of these mole-
cules. The two pK0 values of PBG are 10.76 and 2.13. For
monochloro-PBG (position of the chlorine atom not estab-

lished), the pK4) values are 10.4 and 2.2 (35). Calculated values
for 2,3-dichloro-PBG are 9.5 and <1.5.’ It is tempting to expect

lower values for 2,3,5-trichloro-PBG. Chloro substitution thus
seems to play a critical role in the acidity of these molecules

and acidity could be an important parameter to be considered

when studying ligand-5-HT3 receptor interactions.
Introduction of a methylene link between the phenyl ring

and the biguanide function in the case of benzylbiguanides

dramatically decreased the affinity for the 5-HT, recognition
site, compared with that of PBG. In this way, the delocalization

of the electrons between the phenyl ring and the biguanide
function has been abolished. The same is true for indan-1-

ylbiguanide.
The integrity of the biguanide moiety seems to be necessary

to obtain a good range of activity, because chlorhexidine, which

results from two 4-chloro-PBG molecules being linked by an

n-pentyl chain on N5, and 1,5-bis-4-chloro-PBG afforded re-
ductions in affinity, compared with that of 4-chloro-PBG.
Finally, cyclization of the first amine function with the phenyl
ring, to afford benzimidazole, completely suppressed the activ-

ity, as with benzothiazole and benzoxazole analogues.
Structure-activity relationship studies show that the possi-
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bilities of varying the structure of PBG are quite limited. To
our knowledge, only the polychloro substitution on the phenyl

ring seems to confer an interesting activity. However, it would
be of great interest to test other suitably substituted aromatic

or heteroaromatic rings to enlarge the scope of available 5-HT3

agonists.

This study does not give direct information about the struc-
tune of the ligand binding site of the 5-HT3 receptor; in partic-

ular, it is quite difficult to identify some of the amino acid
residues that might be important for the binding of PBG
derivatives to membranes from N1E-115 cells. The key amino
acids present in the binding site for receptor recognition are

unknown, although three ofthe residues (Trp-85, Trp-149, and
Tyr-198) in the nicotinic acetylcholine receptor that were la-
beled by a photolabile nicotinic antagonist (p-N,N-dimethy-
laminobenzenediazonium fluoroborate) (36) are conserved in

the 5-HT3 receptor (Trp-97, Trp-159, and Tyr-198) and there-
fore may be of importance. Some experiments (37) using pro-

tein-modifying reagents have attempted to investigate which
residues may be present in the ligand binding site. Those data
showed that the binding of [3H]zacopride to 5-HT3 receptor
binding sites in NG1O8-15 cells could be markedly inhibited by

N-bromosuccinimide, a tryptophan-specific reagent. This sug-
gests that tryptophan residues are probably required for the

binding of [3H]zacopride to 5-HT3 receptors. Those same au-

thors have also shown the probable involvement of histidine,
tyrosine, and arginine residues. In contrast, glutamate, aspar-
tate, cysteine, and cystine residues do not seem to be involved

in the recognition of this radioligand by 5-HT3 receptors. The
observation that 3-chloro-PBG showed higher affinity than 5-
HT for the 5-HT3 receptor and the fact that the polychloro
substitution afforded an additional gain in affinity allow spec-

ulation regarding the participation of lipophilic polar amino
acid residues, suggesting that the region of the binding site is

rather hydrophobic. If this is the case, then this supports the
possible involvement of tryptophan, histidine, and tyrosine
residues in the recognition of ligands by 5-HT3 receptors, as
reported by Miquel et al (37).

The lower affinity of trifluoromethyl-PBG, for which one

Effects of Biguanide Derivatives at 5-HT3 Receptors 741

can expect an interaction with a hydrophobic domain compa-

rable to that of 3-chloro-PBG, must then be rationalized in

terms of differences between the dipole formed by the C-Cl
bond and the polarity of the C-CF3 bond. This suggests the
possible importance of a dipolar interaction between the ligand

and the binding site. However, this remains very speculative,
and photoaffinity labeling and site-directed mutagenesis exper-

iments are needed to determine which amino acids are involved
in the binding of 5-HT3 ligands.

In conclusion, we have identified tnichloro-substituted ana-
logues of PBG with increased affinity and a good degree of
selectivity. Recent biochemical evidence suggests that 5-HT3
receptor activation in the central nervous system participates

in the modulation of neurotransmitters, enhancing the release

of dopamine (38-40) and cholecystokinin (41) and inhibiting
the release of acetylcholine from the entorhinal cortex (42). It
is anticipated that 2,3,5-tnichloro-PBG will be a useful tool to

investigate the effects of the stimulation of central 5-HT3
receptors in vivo.
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