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Summary. Two putative anxiolytic drugs [ipsapirone (TVXQ 
7821) and buspirone], structurally unrelated to benzodiaze- 
pines, have negligible ataxic and sedative side effects. These 
drugs are piperazine analogs which interact at 5-HT1 
binding sites. It is demonstrated here that these drugs 
and two other piperazine derivatives, trifluoromethylphe- 
nylpiperazine (TFMPP) and m-chlorophenylpiperazine 
(mCPP), are agonists at 5-HT1A receptors, a subclass of the 
5-HT1 receptor, mediating inhibition of forskolin (100 gM) 
stimulated adenylate cyclase in particulate fractions of 
guinea pig hippocampus as well as inhibition of the forma- 
tion of cyclic AMP promoted by vasoacfive intestinal 
polypeptide (0.1 gM) plus forskolin (1 gM) in mouse 
hippocampal neurons in primary culture. This study 
demonstrates that these piperazine based drugs act in both 
brain homogenate preparations and in intact neurons in a 
similar manner. The biochemical models described here may 
aid in the development of even more active drugs in this 
class. 

Key words: Anxiolytics - Serotonin - 5-HT1A receptors - 
Piperazine-derived anxiolytic drugs - Hippocampus 

Introduction 

Two long chain substituted piperazines, buspirone (Gold- 
berg and Finnerty 1979) and ipsapirone (TVXQ 7821) 
(Traber et al. 1984), are able to reduce anxiety related 
behaviour in humans (Goldberg and Finnerty 1979) and 
rodents (Traber et al. 1984) without producing the sedative 
and ataxic effects of the classic anxiolytics, the benzodiazepi- 
nes. It was recently shown that these piperazines displace 
(3H)-5-HT (Traber et al. 1984; Glaser and Traber 1985) 
and (3tt)-8-OH-DPAT [8-hydroxy-2-(di-n-propylamino)- 
tetralin; Gozlan et al. 1983] from their respective binding 
sites in mammalian brain, suggesting an interaction at 5-HT 
receptors. At least two classes of 5-HT receptors, 5-HTa 
and 5-HTz (Peroutka and Snyder 1979), exist in brain. The 
former possesses a higher affinity for agonists than for 
antagonists, whereas for the latter, the reverse is usually 
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true. 5-HT1 receptors can thus be labelled with (3H)-5-HT 
(Gozlan et al. 1983; Peroutka and Snyder 1979) whereas 5- 
HTz receptors are labelled with antagonists such as (3H)- 
ketanserin (Leysen et al. 1982). Heterogeneity within the 5- 
HT1 subtype was proposed based on the finding that 
spiperone inhibits (~H)-5-HT in a biphasic manner (Pedigo 
et al. 1981)i Binding sites displaying high and low affinity 
for spiperone were designated as 5-HT1A and 5-HT1B respec- 
tively. (3H)-8-OH-DPAT was shown to specifically label the 
5-HT1A subtype (Gozlan et al. 1983). An additional subtype 
(5-HTlc) has been proposed to account for the labelling by 
mesulergine, 5-HT and LSD of a site with low affinity for 
ligands reported as selective for 5-HTIA, 5-HT~B and 5-HT2 
binding sites (Cortes et al. 1984; Pazos et al. 1985). Several 
observations indicate that short or long chain substituted 
piperazines interact with 5-HT1 binding sites. Studies 
showing the activity of trifluoromethylphenylpiperazine 
(TFMPP) and m-chlorophenylpiperazine (mCPP) in 
behavioural experiments imply that there is a functional 
role for these 5-HT~ sites (Cunningham and Appel 1986). 
Binding data also indicate a possible site of action for 
buspirone and ipsapirone at 5-HT1 receptors (Traber et al. 
1984; Glaser and Traber 1985). A recent study by De Vivo 
and Maayani (1986) showed that buspirone causes inhibi- 
tion of adenylate cyclase via a 5-HT1A receptor in 
hippocampal membranes prepared from rat and guinea pig. 
In this study we confirm this observation for buspirone and 
show that this is a general property of a class of piperazine 
analogs. To characterize the agonist properties of these 
compounds at brain 5-HT1 receptors, we studied their action 
in two recently described models in which biochemical re- 
sponses to 5-HT~ receptors can be measured. One was de- 
scribed by us and consists of measuring the inhibition of 
cyclic AMP production in primary cultures of neurons by a 
5-HTt receptor (Weiss et al. 1986a), the other was described 
by De Vivo and Maayani (1985) and measures the inhibition 
of adenylate cyclase activity in hippocampal membranes by 
a 5-HT~A receptor. 

Methods 

Adenylate cyclase assay. Male guinea pigs were killed by 
decapitation. The hippocampi were removed and homo- 
genized in 10 ml of a solution containing 300 mM sucrose, 
20 mM Tris-HC1 pH 7.4, 1 mM ethylene glycol bis (beta- 
aminoethylether),-N,N-tetraacetic acid (EGTA), 5mM 
EDTA, 5 mM dithiothreitol. The homogenate was diluted 
in 50 ml of the same medium and centrifuged at 40,000 x g 
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for 10 min at 0°C. The pellet from this centrifugation was 
resuspended in 4 ml of the medium. To start the assay, 
aliquots of  the resuspended medium (40 gl) were added to 
100 gl of assay medium. The final composition of the me- 
dium was: 80 mM Tris HC1, 0.1 mM ATP, 2 mM MgCI2, = 
10 gM GTP, I mM cyclic AMP, 5 mM creatine phosphate, ~= 
0.2 mg/ml creatine-kinase, 100 mM NaC1, 2 mM =- 
theopylline, 0.25 mM ascorbic acid, 100 ~tM forskolin, 1 -  
2 pCi of alpha-32p-ATP ( 2 0 - 3 0  Ci/mmole; DuPont NEN, 
France) and 1 - 2  x 10 -2 gCi of  (3H)-cyclic AMP (29 Ci/ 
mmole; Amersham, UK). (3H)-cyclic AMP was added for 
determination of cyclic AMP recovery during the purifica- "~ 
tion procedure. The incubations were for 5 min at 30°C and 
stopped by addition of 900 gl of 5.5 mM Tris-HC1 (pH 7.6), 
0.4 mM ATP, 0.6 mM cyclic AMP, 10 mM CaC12, and 0.1 N • 
HC1. The tubes were centrifuged at 5000 x g for 5 min. (32p)_ ~: 

un 

cyclic AMP formed and (3H)-cyclic AMP were isolated ac- 
cording to Salomon et al. (1974). 

Culture of hippocampal neurons. Cultures of mouse hippo- 
campal neurons were prepared according to the technique 
of Weiss et al. (1986b) originally described for the culture 
of striatal neurons. Briefly, hippocampi were removed from 
16-17-day-old Swiss albino mouse embryos (Iffa Credo; 
Lyon, France) and mechanically dissociated with a fire- 
narrowed Pasteur pipette in serum-free medium. Cells were 
plated in 12-well Costar (Cambridge, MA, USA) culture 
dishes previously coated with poly(g-ornithine). Cells were 
seeded in serum-free medium composed of a 1 : 1 mixture 
of Dulbecco's modified Eagle's medium and F-12 nutrient 
(GIBCO Europe; Paris, France). In the place of serum, a 
defined hormone and salt mixture that included insulin 
(25 gg/ml), transferrin (100 gg/ml), progesterone (20 nM), 
putrescine (60 ~tM), and selenium salt (30 nM) (all from 
Sigma) were added. These cultures of mouse hippocampal 
neurons devoid of non-neuronal cell types were grown for 
6 days. 

Formation of cyclic AMP. Intracellular cyclic AMP forma- 
tion was determined by measuring the conversion of (3H)- 
ATP (formed in the neurons incubated with 2 gCi/ml (3H)- 
adenine (24 Ci/mmole; Amersham, UK) to (3H)-cyclic 
AMP. On the sixth day in culture, neurons were washed and 
incubated at 37 ° C (5% CO2-air mixture) with culture media 
containing 2 laCi/ml (3H)-adenine. After 2 -  3 h, the cultures 
were washed and incubated with 0 .75-1 .0  mM isobutyl- 
methylxanthine and test agents (all prepared in culture me- 
dium) in a volume of I ml for 5 rain at 37 ° C. The reaction 
was terminated by aspiration of the media and addition of 
1 ml ice-cold 5% trichloroacetic acid. Cells were scraped 
with the aid of a rubber stick and to the mixture was added 
100 gl of  cold 5 mM (ATP + cyclic AMP). Cellular protein 
was centrifuged at 5000 x g. (3H)-ATP and (3H)-cyclic AMP 
were separated by sequential chromatography on Dowex 
and alumina columns as described by Salomon et al. (1974). 
Cyclic AMP formation is expressed as percent conversion 
of (SH)-ATP to (3H)-cyclic AMP. 

The ICs0 values for the agonists and antagonists effects 
are reported as the mean ___ SEM for (n) experiments. 

Drugs. The following drugs were generously donated: 
buspirone (F. D. Yocca of Bristol-Myers Company), 
ipsapirone (TVXQ 7821) (J. Traber, Troponwerke GmbH 
and Co., Cologne, FRG), 5-carboxamidotryptamine (5-CT) 
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Fig. 1. Agonist mediated inhibition of forskolin-stimulated adenyl- 
ate cyclase in hippocampal membranes and intact neurons, a Effect 
of 5-HT, 8-OH-DPAT, 5-CT, ipsapirone and buspirone on forskolin 
(100 gM) stimulated adenylate cyclase activity in guinea pig 
hippocampal membranes. The inhibition of adenylate cyclase activ- 
ity is expressed as a percentage of the maximal inhibitory effect of 
5-HT (23.5% _+ 7.3% inhibition, n = 10). In the absence and in the 
presence of 5-HT (1 gM) adenylate cyclase activities were 1.2 _+ 0.25 
and 0.92 _+ 0.18 nmoles cyclic AMP/5 min/mg protein, respectively. 
b Effects of the piperazines, TFMPP and mCPP on forskolin 
(100 gM) stimulated adenylate cyclase activity in guinea pig hippo- 
campal membranes, c Effects of 5-HT, 8-OH-DPAT, 5-CT, 
ipsapirone and buspirone on VIP + forskolin stimulated cAMP 
formation in murine hippocampal neurons in primary culture. 
Neurons were incubated in the presence of 0.1 gM VIP and 1 gM 
forskolin and increased concentrations of agonists. Conversion of 
(3H)-ATP to (3H)-cyclic AMP was determined after 5 min at 37°C 
(see Methods). In the absence of 5-HT, the percent conversion was 
4.0% __ 0.1% (n = 10) whereas in the presence of 10- s M 5-HT, the 
percent conversion was 3.0% +_ 0.1% (n = 10). The inhibition of 
cyclic AMP formation is expressed as a percentage of the maximal 
inhibitory effect of 5-HT. In Fig. 1, the values are the means + SEM 
of 3 - 10 experiments (see Fig. 3 for the value of n for each agonist), 
each performed with triplicate determinations 

(P. P. A. Humphrey, Glaxo Group Research, Hertfordshire, 
UK). Drugs purchased were 5-HT (Sigma Chemical Corp., 
St. Louis, MO, USA); TFMPP (Aldrich Chemical Corp., 
Milwaukee, WI, USA); mCPP (EGA Chemie, Steinheim, 
GDR);  and 8-OH-DPAT (Research Biochemical Inc., 
Wayland, MA, USA). 

Results 

In hippocampal membranes, 5-HT as well as 8-OH-DPAT, 
a 5-HTaA selective compound, were inhibitors of forskolin- 
stimulated adenylate cyclase activity (Figs. I a, 3). The most 
potent among these full agonists was 5-carboxamido- 
tryptamine (5-CT) which in binding studies shows a higher 
affinity than 5-HT for 5-HT1 sites (Engel et al. 1983). As 
shown in Fig. I a the piperazine related compounds with 
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Fig. 2. Reversal of the effects of 5-HT, ipsapirone and buspirone by the antagonist spiperone, a Reversal by spiperone of the effects of 5- 
HT (1 gM) (~ . . . .  A), ipsapirone (1 gM) (O-  Q), and buspirone (10 gM) ( •  • ) .  The reversal of the agonists' effect by spiperone 
is expressed as the diminution of their ability to inhibit 100 gM forskolin- stimulated adenylate cyclase activity [relative to the inhibitory 
action of 1 gM 5-HT (100%)]. The data show cumulative results from three experiments, each performed with triplicate determinations, a 
Reversal by spiperone of the effects of 5-HT (1 gM), ipsapirone (10 gM), and buspirone (10 gM) (same symbols as in Fig. 2a). The reversal 
of the agonists' effect by spiperone is expressed as the diminution of their ability to inhibit 0.1 gM VIP + I gM forskolin-stimulated 
adenylate cyclase activity [relative to the inhibitory action of 1 gM 5-HT (100%)]. The data shows the cumulative results from three 
experiments, each performed with triplicate determinations 

anxiolytic properties (ipsapirone and buspirone) potently 
inhibited the adenylate cyclase in guinea pig hippocampal 
membranes. However, the maximal inhibitions produced by 
ipsapirone and buspirone were lower than those produced 
by 5-HT, 5-CT and 8-OH-DPAT (Figs. l a, 3). Other 
piperazine related 5-HT compounds such as TFMPP and 
mCPP were less potent partial agonists (Figs. 1 b, 3). Never- 
theless, TFMPP produced a maximal response similar to 
that of 5-HT (intrinsic activity = 0.87) in this system. The 
inhibitory effects of a maximally stimulating concentration 
of 5-CT (1 gM), 8-OH-DPAT (1 gM) and the piperazine 
TFMPP (10 gM) were not additive (in four experiments) 
with those of 5-HT suggesting that these agonists and 5-HT 
act through the same population of receptors. We observed, 
as did De Vivo and Maayani (1986), that spiperone is a 
potent antagonist of the 5-HT1A receptor in guinea pig 
hippocampus. The adenylate cyclase inhibition produced by 
1 gM 5-HT was entirely reversed by spiperone (Fig. 2a; the 
ICs0 of the antagonist effect was 610 nM __ 200 nM, n = 3). 
From these data the apparent affinity constant of spiperone 
at this neuronal receptor was estimated, using the Cheng 
and Prusoff (1973) equation, to be 9.6nM 3.2nM 
(n = 3). Similarly, the apparent affinity constants of spi- 
perone determined from its antagonism of the ipsapirone 
and buspirone effects (Fig. 2a) were 25.8 nM + 15 nM and 
12 nM +_ 10.2 nM (n = 3), respectively. 

In order to verify that the piperazines also interact with 
the 5-HT receptor in functional intact neurons, we studied 
their effects in a primary culture of hippocampal neurons. 
In this system the maximal stimulation of adenylate cyclase 
was not produced by high concentrations of forskolin but 
rather with a mixture of vasoactive intestinal polypeptide 
(VIP) (0.1 gM) and forskolin (1 gM). We have previously 
shown that when cyclic AMP is stimulated by VIP (0.1 gM) 
plus forskolin (1 ~tM), no additional receptor-mediated 
stimulation can be obtained. Thus, under these conditions, 
in which the stimulatory components of adenylate cyclase 
are maximally activated, the agonists dopamine (Weiss et al. 

1985) and 5-HT (Weiss et al. 1986 a) can produce only an 
inhibition of adenylate cyclase activity. As seen in Figs. I c 
and 3, the rank order of agonist ICs0 values for the 5- 
HT receptors which inhibit cyclic AMP production in the 
neurons (8-OH-DPAT > 5-CT > 5-HT > ipsapirone > 
buspirone) was similar to that observed for the same agonists 
acting at the 5-HT1A receptors that inhibit adenylate cy- 
clase in adult guinea pig hippocampus membranes (5-CT 
_ 8-OH-DPAT > 5-HT > ipsapirone > buspirone). In 
particular, in mouse neurons, 8-OH-DPAT was a full agonist 
with a higher potency than 5-HT; and 5-CT was slightly 
less active than 8-OH-DPAT but more active than 5-HT. 
Additionally, both buspirone and ipsapirone were partial 
agonists at this receptor. The effects of the two drugs were 
not additive nor were they additive with the effects of 10 gM 
5-HT (n = 3). However, a small reduction (10%) of the maxi- 
mal response to 5-HT was observed in the presence of either 
piperazine. In mouse hippocampal neurons, the response to 
1 gM 5-HT was entirely reversed by spiperone (Fig. 2b, the 
ICs0 of the antagonist effect was 457 nM +_ 220 nM, n = 3). 
From these data, the apparent affinity constant of spiperone 
at this neuronal receptor was estimated to be 22.6 nM 
+ 10.8 nM, a value similar to that observed in hippocampal 
membranes. The apparent affinity constants of spiperone 
determined from its antagonism of the ipsapirone and 
buspirone effects (Fig. 2b) were 6 . 9 n M + 4 . 5 n M  and 
25 nM -4- 12 nM (n = 3), respectively. 

Discussion 

A commonly accepted hypothesis for the mechanism of ac- 
tion of the benzodiazepine anxiolytics is that they facilitate 
GABA mediated neuronal inhibition (Stein et al. 1977). 
GABA receptors are widely distributed in the brain. This 
may explain the diffuse behavioral side effects caused by 
these drugs. However, the anxiolytic properties of benzodia- 
zepines are more likely due to their facilitation of GABA 
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Fig. 3. The structural formulae and ICso values of several 5-HT agonists whose abilities to inhibit cyclic AMP formation in embryonic 
murine hippocampal neurons and adenylate cyclase activity in guinea pig hippocampal membranes were assessed. Values given are 
means + SEM for (n) experiments 

induced inhibition of a particular class of neurons, e.g., the 
5-HT neurons of the raph6 nucleus (Stein et al./977; Soubrie 
et al. 1983; Gallager 1978; Gray 1982). The present report, 
showing that putative anxiolytic drugs such as ipsapirone 
and buspirone are agonists at the 5-HT~A receptors in 
hippocampus, an area receiving a dense innervation from 5- 
HT neurons of the raph6 nucleus, is of particular interest. 
One may speculate that these new drugs exert their anxiolytic 
effects in a manner similar to the benzodiazepines, that is 
via inhibition of activity of 5-HT neurons. This speculation 
is corroborated by a report showing that ipsapirone and 
other piperazine analogs inhibit the firing of 5-HT neurons 
in the raph6 nucleus (Sprouse and Aghajanian 1987). The 5- 
HT~A receptors on which these drugs act in hippocampus 
are not likely to be the 5-HT terminals of 5-HT neurons 
since we show that they are present in hippocampal cultures 
devoid of 5-HT innervation. They may, however, be located 
on interneurons that recurrently inhibit 5-HT neurons. 

The profile of agonist activity and the high affinity antag- 
onism of this activity by spiperone lead us to conclude that 
the 5-HT receptor in guinea pig hippocampal membranes 
and in mouse hippocampal neurons are nearly the same 
if not identical subtypes of 5-HT receptors. We therefore 
tentatively classify the murine hippocampal receptor as a 5- 
HT1A receptor as is the case with the guinea pig hippocampal 
receptor (De Vivo and Maayani 1986). 

In two recent reports it was shown that 5-HT stimulates 
adenylate cyclase activity in guinea pig (Shenker and 
Maayani 1985) and rat (Markstein et al. 1986) hippocampal 
homogenates. The stimulation was partly (in guinea pig) 
and entirely (in rat) due to the stimulation of a 5-HT1A 
receptor subtype. The question therefore arises whether or 
not, in hippocampal tissue, the 5-HT1A receptors which 
stimulate adenylate cyclase activity in the absence of 
forskolin are identical to the 5-HT1A receptors which inhibit 
adenylate eyclase activity in the presence of forskolin. To 
answer this question, and extensive pharmacological 
comparison between the two receptors would be required. 
The effects of piperazine derivatives have not been tested on 
the stimulatory 5-HT1A receptors. However, whereas 5-CT 
is a full agonist at both the stimulatory and inhibitory 5- 
HTaA receptors, 8-OH-DPAT is a partial agonist at the 5- 
HT~A stimulatory receptor (Markstein et al. 1986) but a full 
agonist at the 5-HT~A inhibitory receptor (Figs. 1, 3). The 
divergent relationship between these agonist effects may in- 
dicate that the receptors mediating adenylate cyclase stimu- 
lation and inhibition are not pharmacologically identical. 

In summary, the experiments described here clearly indi- 
cate that the two novel anxiolytic drugs (ipsapirone and 
buspirone), both with long chain substituted piperazines, 
as well as two other piperazines, TFMPP, and mCPP are 
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agonists at the 5-HT1A receptors inhibit ing cyclic A M P  pro-  
duct ion in h ippocampal  homogenates  and in h ippocampal  
neurons in pr imary  culture. 
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