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Short communication

The 5-HT receptor agonist Bay=3702 inhibits apoptosis induced by1A

serum deprivation in cultured neurons
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Abstract

Ž . Ž . w wwŽ . xWe examined whether the highly selective 5-HT receptor agonist y - R -2- 4- 3,4-dihydro-2 H-1-benzopyran-2-yl methyl -1A
x x Ž . Ž .amino butyl -11,2-benz-isothiazol-3 2 H -one 1,1-dioxide monohydrochloride Bay=3702 could inhibit neuronal apoptosis induced by

serum deprivation. In primary cultures of chick embryonic neurons and in mixed neuronalrglial cultures from neonatal rat hippocampus,
Ž . Ž .Bay=3702 1 mM rescued serum-deprived neurons from apoptosis. The antiapoptotic effect of Bay=3702 1 mM was blocked in

w w Ž . x xchick neurons by the selective 5-HT receptor antagonists 4-iodo-N- 2- 4- methoxyphenyl -1-piperazin ethyl -N-2-pyridinyl-benzamide1A
Ž . w x Ž . Ž .hydrochloride p-MPPI, 10 mM and 4- 3-benzotriazol-1-propyl -1- 2-methoxyphenyl -piperazine BPMP, 10 mM as well as by

Ž . w w Ž . x x Ž .anti-nerve growth factor anti-NGF antibodies and in rat neurons by N- 2- 4- 2-methoxy -1-piperazinyl ethyl -N- 2-pyridinyl cyclohe-
Ž . Ž .xane-carboxamide trihydrochloride WAY 100635, 10 mM . We found only under control conditions medium with serum , but not in

Ž .serum-deprived cultures, that NGF secretion was 6-fold increased by Bay=3702 1 mM compared to untreated cultures. Additionally,
Ž .Bay=3702 4 mgrkg i.v. , infused within a period of 4 h, significantly increased the NGF content of the rat hippocampus, but not of the

striatum. In summary, our data suggest that Bay=3702 inhibited growth factor withdrawal-induced apoptosis by the stimulation of
5-HT receptors and that the NGF signalling pathway is involved in the mechanism of action. q 1999 Elsevier Science B.V. All rights1A

reserved.

Ž .Keywords: Apoptosis; Chick neuron; NGF nerve growth factor ; Neuroprotection; Serum deprivation; 5-HT receptor agonist1A

1. Introduction

5-HT receptor agonists have already been shown to1A

protect neurons from cell death after focal cerebral is-
chemia in rats and after glutamate toxicity in mixed cul-

Žtures of hippocampal neurons and astrocytes Prehn et al.,
.1993; Semkova et al., 1998 . In addition, serotonin has a

mitogenic and trophic effect on neurons and neuroblasts
Ž .Hanley, 1989 which was mediated by stimulation of

Ž .5-HT receptors Yan et al., 1997 . Previously, we have1A
Žshown that the 5-HT receptor agonist 8-hydroxy-2- di-1A

. Ž .N-propylamino tetralin hydrobromide 8-OH-DPAT in-
hibited apoptosis induced by serum deprivation in chick
embryonic neurons and that induction of nerve growth

Ž .factor NGF seemed to be partially involved in its mecha-
Ž .nism of action Ahlemeyer and Krieglstein, 1997 . In the

Ž . Ž .present study, we attempted to find out whether y - R -
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w wwŽ . x x2- 4- 3,4-dihydro-2 H-1-benzopyran-2-yl methyl -amino -
x Ž .butyl -11,2-benz-isothiazol-3 2 H -one 1,1-dioxide mono-

Ž .hydrochloride Bay=3702 , a newly synthesized, highly
selective 5-HT receptor agonist which is currently in1A

clinical trials for acute ischemic stroke and traumatic brain
Ž .injury De Vry et al., 1998 will inhibit serum

deprivation-induced apoptosis in different central nervous
system cells and whether NGF contributes to its neuropro-
tective effect.

2. Materials and methods

2.1. Animals

Ž .Neonatal PD1 Fischer 344 rats and male Long–Evans
Žrats weighing 160–260 g Møllegaard, Shenveds, Den-

.mark were used. The animals had free access to food
Ž .Altromin, Lage, Germany and water and were kept under

Žstandardized environmental conditions 12-h lightrdark

0014-2999r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
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.cycle, 23"18C and 55"1% relative humidity . The ani-
mal experiments were conducted with approval of the
Government Commission of Animal Care, Germany.

2.2. Chemicals

Ž .Dulbecco’s modified Eagle medium DMEM , minimal
Ž .essential medium MEM , Leibovitz L-15 medium, antibi-

Žotics, NUSERUMe 25% fetal bovine serum, 75% supple-
.ments , fetal bovine serum, papain and supplement B27

were purchased from Life Technologies, Karlsruhe,
Ž .Germany. Propranolol, bisbenzimide Hoechst 33258 ,

Ž .poly-L-lysine MW 30–70 kDa, MW 70–150 kDa ,
NGF, cytosine-b-arabinofuranoside and dimethylsulfoxide
were purchased from Sigma, Deisenhofen, Germany.

w w Ž . x x4-Iodo-N- 2- 4- methoxyphenyl -1-piperazin ethyl -N-2-
Ž .pyridinyl-benzamide hydrochloride p-MPPI and chlor-

promazine hydroch loride were from RBI, Koln, Germany;¨
w x Ž .4- 3-benzotriazol-1-propyl -1- 2-methoxyphenyl -pipera-

Ž .zine maleate BPMP was from Tocris, Koln, Germany.¨
Ž .Apotag Kit Oncor, USA was used for terminal trans-

Ž .ferase-mediated d-UTP nick end labeling TUNEL assay.
The trypsin inhibitor and the two-site enzyme immunoas-
say for NGF including anti-NGF antibodies were pur-
chased from Boehringer Mannheim, Mannheim, Germany.

w w Ž . x x Ž .N- 2- 4- 2methoxy -1-piperazinyl ethyl -N- 2-pyridinyl cy-
Ž .clohexanecarboxamide trihydrochloride WAY 100653

Ž .Ž . w wwŽ .and y R - 2 - 4- 3,4-dihydro- 2 H -1-benzopyran- 2 -yl
x x x Ž .methyl amino butyl -11,2-benz-isothiazol-3 2 H -one 1,1-

Ž .dioxide monohydrochloride Bay=3702 were gifts from
the companies Wyeth and Bayer, respectively.

2.3. Cell culture

Primary neuronal cultures from 7-day-old chick embryo
telencephalons were prepared as previously described by

Ž .Pettmann et al. 1979 . Cerebral hemispheres were me-
chanically dissociated and the resulting cell suspension

Ž .was seeded into poly-L-lysine MW 70–150 kDa -coated
culture flasks with a density of 4=104 cellsrcm2. The
cell cultures were maintained in DMEM supplemented
with 20% fetal bovine serum and were used for experi-
ments on day 5 after seeding. Mixed cultures of neurons
and astrocytes were prepared from the hippocampi of

Ž .neonatal Fischer 344 rats PD1 . Briefly, the dissected
Žtissue was digested with papain 0.1% in Leibovitz L-15

.medium for 15 min at 378C and then mechanically tritu-
Žrated. A trypsin inhibitor solution 1% in MEM containing

.1% bovine serum albumin was layered under the cell
suspension which was then centrifuged at 200=g at 208C
for 10 min. Finally, cells were resuspended and seeded

Ž .into poly-L-lysine MW 30–70 kDa -coated Petri dishes.
After 2 days, cells were treated with cytosine-b-

Ž .arabinofuranoside 1 mM for 1–2 days to inhibit glial cell
proliferation. Cultures were incubated for 12 days in MEM
containing 10% NUSERUMe and supplement B27 before
experiments.

2.4. Drug treatment

Apoptosis was induced by serum deprivation for 24 h in
chick neurons and by serum plus supplement B27-depriva-
tion for 24 h in hippocampal cells from neonatal rats. The
5-HT receptor agonist Bay=3702 was added 30 min1A

before the induction of apoptosis. The neurotransmitter
receptor antagonists and the anti-NGF antibody were added

Ž30 min before the administration of Bay=3702 60 min
.before the induction of apoptosis .

2.5. Cell Õiability

The cell viability was determined by the Trypan blue
exclusion method.

2.6. Nuclear staining with Hoechst 33258

Chick embryonic neurons were incubated for 15 min at
Ž378C with the DNA fluorochrome Hoechst 33258 10

.mgrml and then washed with phosphate-buffered saline.
Nuclear morphology was observed under a fluorescence

Žmicroscope. Viable cells with a normal nuclear size and
. Žnormal chromatin and apoptotic cells with reduced nu-

clear size, chromatin condensation and nuclear fragmenta-
.tion were counted and the results were expressed as the

percentage of apoptotic neurons.

2.7. TUNEL-staining

In mixed neuronalrglial cultures from neonatal rat hip-
pocampus, it was difficult to distinguish nuclei of neurons
from those of the underlying astrocytes because both were
stained with Hoechst 33258. Therefore, we evaluated
apoptosis in this cell culture model by the TUNEL reaction
using the Apotag Kit. The staining was performed accord-
ing to the manufacturer’s instructions and the results were
expressed as the percentage of TUNEL-positive neurons.

2.8. Two-site enzyme immunoassay for NGF

The two-site NGF enzyme-linked immunoassay
Ž .ELISA was used for the measurement of NGF protein in
the hippocampus and striatum of rats as well as in the
culture medium of chick embryonic neurons. One series of

Ž . Žrats ns6 per group was treated with Bay=3702 0.004
.mgrkg i.v. for 4 h . The brains were removed 6, 12 and 24

h after the beginning of the infusion. Hippocampus and
striatum were taken separately and frozen immediately on

Ždry ice. The extraction buffer 0.1 M Tris–HCl, 0.4 M
NaCl, 2% bovine serum albumin, 0.05% NaN , 1 mM3

phenylmethylsulfonylfluoride, 4 mM EDTA, 0.007 mgrml
.trypsin inhibitor was added to the tissue sample. The

tissue was homogenized, centrifuged at 20 000 rpm at 48C
for 30 min and the supernatant was used for NGF-ELISA.
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Culture medium was stored at y208C in the presence of
Ž .trypsin inhibitor 0.02 mgrml to avoid NGF degradation.

The two-site NGF-ELISA was performed according to the
manufacturer’s instructions with minor modifications as

Ždescribed in our previous study Ahlemeyer and
.Krieglstein, 1997 .

3. Results

Serum deprivation for 24 h reduced the viability of
cultured chick neurons to 70% compared to 90% in con-
trols and increased the percentage of apoptotic neurons

Ž .from 9% in controls to 30% Table 1 . In a previous
report, we distinguished apoptotic and necrotic neurons by
nuclear staining. Apoptotic neurons showed reduction in
nuclear size, chromatin condensation and DNA fragmenta-
tion, whereas necrotic cells contained nuclei of diffuse and
irregular size together with chromatin condensation. Under
serum-free conditions, we found 28% apoptotic and 17%

Ž .necrotic neurons Ahlemeyer and Krieglstein, 1997 show-
ing that the 30% Trypan blue-stained neurons represented
in part, necrotic and in part, apoptotic cells with secondary
necrosis. The 5-HT receptor agonist Bay=3702 was1A

able to block neuronal damage induced by serum depriva-
tion in primary cultures of chick embryonic neurons as
well as in mixed cultures of neurons and astrocytes from

Ž .neonatal rat hippocampus Table 1 . To find out whether
the antiapoptotic effect of Bay=3702 was mediated
through the selective stimulation of 5-HT receptors, we1A

evaluated whether the 5-HT receptor antagonists p-MPPI1A
Ž . Ž .Kung et al., 1996 , BPMP Mokrosz et al., 1994 and

Ž .WAY 100635 Fletcher et al., 1996 , the dopamine recep-
tor antagonist chlorpromazine, or the b-adrenoceptor an-
tagonist propranolol could block neuroprotection. In rat
hippocampal neurons, but not in chick neurons, WAY

Ž .100635 10 mM was able to block the antiapoptotic effect
Ž .of 1 mM Bay=3702 Table 1 . In cultured chick neurons,

we were able to block the protective effect of 1 mM
Bay=3702 with two other selective 5-HT receptor an-1A

Ž .tagonists, e.g., with p-MPPI 10 mM, Table 1 and with
the pre- and postsynaptic 5-HT receptor antagonist1A

Ž .BPMP. Bay=3702 1 mM increased the percentage of
viable neurons after 24 h of serum deprivation from 72.5

Ž ."5.5% to 85.9"5.8% ns8 and decreased the percent-
age of apoptotic neurons from 28.1"5.2% to and 12.9"

Ž .2.2% ns8 , but we determined 69.0"6.0% viable and
Ž .27.5"4.9% apoptotic neurons ns8 after serum depri-

vation in the presence of 1 mM Bay=3702 plus 10 mM
Ž . Ž .BPMP. BPMP 10 mM , WAY 100635 10 mM and

Ž .p-MPPI 10 mM did not change cell viability or the
percentage of apoptotic chick and rat neurons under con-
trol conditions as well as after 24 h of serum deprivation
Ž .data not shown .

Furthermore, in cultured chick neurons, the addition of
Ž .anti-NGF antibodies 10 ngrml —which were able to

block the antiapoptotic effect of externally added NGF
Ž .under serum-free conditions data not shown —blocked

the protective effect of 1 mM Bay=3702 in serum-free
Ž .medium Fig. 1 suggesting that the induction of NGF

Table 1
The antiapoptotic effect of Bay=3702. Cells were treated for 24 h with Bay=3702, chlorpromazine, propranolol, WAY 100635 and p-MPPI in

Ž . Ž .serum-containing controls and serum-free medium SD

Treatment Chick neurons Hippocampal neurons

Trypan blue exclusion Hoechst staining TUNEL-staining
Ž . Ž . Ž .% viable cells % apoptotic cells % apoptotic cells

a a aControls 76.0"6.2 9.9"4.2 14.6"5.5
a a aControlsq10 mM Bay=3702 72.0"6.3 6.3"1.7 10.1"7.6

SD 45.2"10.8 26.7"2.6
aSDq0.01 mM Bay=3702 61.9"7.9 16.2"3.6

a bSDq0.1 mM Bay=3702 74.0"6.3 18.5"6.0
a aSDq1 mM Bay=3702 76.8"4.9 11.1"5.8
a aSDq10 mM Bay=3702 76.5"5.0 15.7"3.9

a aControls 90.7"3.8 8.5"4.5
SD 70.0"5.5 29.8"4.8 38.0"6.7

a a aSDq1 mM Bay=3702 85.8"2.8 13.4"4.8 21.3"7.7
a aSDq1 mM Bay=3702 82.7"3.4 15.4"7.7

q1 mM chlorpromazine
a aSDq1 mM Bay=3702 80.6"8.3 12.1"4.7

q10 mM propranolol
a aSDq1 mM Bay=3702 83.8"4.3 11.3"7.1 37.4"4.0

q10 mM WAY 100635
SDq1 mM Bay=3702 74.4"3.7 28.7"8.2
q10 mM p-MPPI

Values are given as means"S.D. of eight experiments; different from S.D.
a Ž .P-0.001 ANOVA-1 and post-hoc Scheffe-test .´
b Ž .P-0.01 ANOVA-1 and post-hoc Scheffe-test .´
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Fig. 1. The inhibition of the antiapoptotic effect of Bay=3702 with
anti-NGF antibodies. Chick neurons were incubated for 24 h in medium

Ž . Ž .with serum controls and serum-free medium serum-deprivation in the
Ž .absence or presence of Bay=3702 1 mM and 10 ngrml anti-NGF

Ž .antibodies anti-NGF . Values are given as means"S.D. of six experi-
ments. UU P - 0.01; UUU P - 0.001 by ANOVA-1 and post-hoc
Scheffe-test.´

contributed to its mechanism of action. Under control
Ž .conditions medium with serum , we found an increase in

the NGF content of the culture medium from 2.2"1.5
Žpgrml in untreated to 14.7"3.5 pgrml in Bay=3702 1

.mM -treated chick neurons which corresponded to a secre-
tion of 18.5 and 123 pg NGFrmg cell protein, respec-
tively. Similar results were found in vivo where the infu-

Ž .sion of 4 mgrkg Bay=3702 i.v. for 4 h significantly
increased the NGF content of the rat hippocampus after 6
h to 0.94"0.09 ngrg tissue compared to 0.59"0.18
ngrg tissue in untreated rats. The NGF content returned to
basal levels 12 and 24 h after the infusion with Bay=3702.
Bay=3702 had no effect on the NGF content of the rat
striatum. However, when cultured chick neurons were
deprived of serum, the NGF content of the culture medium
was 6-fold increased compared to neurons incubated with
serum-containing medium, but it was not further increased
in the presence of Bay=3702.

4. Discussion

We have previously reported that apoptotic damage in
chick neurons due to serum deprivation was time-depen-
dent and could be inhibited by the 5-HT receptor agonist1A

Ž .8-OH-DPAT Ahlemeyer and Krieglstein, 1997 . In the
present study, the highly selective 5-HT receptor agonist1A

Bay=3702 was able to block apoptosis induced by serum
deprivation in neurons from chick embryo telencephalons
and from neonatal rat hippocampus. Similarly, Bay=3702
has been shown to protect rat hippocampal neurons from

Ž .staurosporine-induced apoptosis Suchanek et al., 1998

Ž .and from glutamate excitotoxicity Semkova et al., 1998 .
In chick neurons, we found a dose–response curve by
measuring neuronal viability, but not by determining the

Ž .percentage of apoptotic neurons Table 1 . Similarly, De
Ž .Vry et al. 1998 did not report a clear dose–response

relationship between Bay=3702 and the firing rate of
dorsal root ganglion neurons because of the small range
between the no effect and full effect concentration.

The antiapoptotic effect of Bay=3702 was mediated
through selective stimulation of 5-HT receptors, because1A

the protective effect was completely blocked with WAY
100635 in rat hippocampal neurons, and with the 5-HT1A

receptor antagonists p-MPPI and BPMP in chick neurons.
However, the absence of WAY 100635 sensitivity in chick
neurons was puzzling. It may be suggested that WAY
100635 has a lower affinity to the avian than to the rat

Ž5-HT receptors which could be concluded by compar-1A
.ing our data on chick and rat neurons or that the three

5-HT receptor antagonists used in our study differ in1A

their potency to block the various effects due to pre- or
postsynaptic 5-HT receptor stimulation. For example,1A

WAY 100635 did not inhibit 8-OH-DPAT-induced presy-
Žnaptic receptor stimulation Hajos-Korcsok and Sharp,´

.1996 , but it has been shown to block the effect of
Ž .Bay=3702 on somatodendritic presynaptic 5-HT re-1A

ceptors of 5-HT neurons in the dorsal raphe, although a
dosage of WAY 100635 500-fold higher than that of

Ž .Bay=3702 was needed Dong et al., 1998 . Because we
could block the antiapoptotic effect of Bay=3702 with

Žthe presynaptic 5-HT receptor antagonist MPPI Bjor-1A
.vatn et al., 1998 and the pre- and postsynaptic 5-HT1A

receptor antagonist BPMP, Bay=3702 may act through
specific stimulation of presynaptic 5-HT receptors. How-1A

ever, the studies on the pre- and postsynaptic activity of
different 5-HT receptor antagonist were performed in1A

vivo and the existence of pre- and postsynaptic 5-HT1A

receptors in neuronal cell cultures is poorly documented.
In addition, the inhibitory potency of WAY 100635 also
showed subcellular and regional differences, e.g., WAY
100635 did not block the activation of dendritic 5-HT1A

Ž .receptors Chaput and De Montigny, 1988 and it has been
Ž .shown by Larsson et al. 1998 that WAY 100635 inhib-

ited the effects of 8-OH-DPAT more effectively in the
hippocampus than in the striatum, hypothalamus and in the
frontal cortex. Consistently, we found only in neurons
from the hippocampus and not in neurons from the telen-

Žcephalon including the striatum, cortex, thalamus and
.hippocampus an inhibition of the antiapoptotic effect of

Bay=3702 by WAY 100635. Thus, we suggest that
species andror tissue-specific differences in the affinity of
WAY 100635 to the 5-HT receptor caused the different1A

sensitivities of chick and rat neurons to WAY 100635.
Ž .We also tested propranolol 10 mM and chlorproma-

Ž .zine 1 mM to exclude an effect of Bay=3702, especially
at the high dosage of 1 mM on b-adrenoceptors and
dopamine receptors, respectively. The stimulation of
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dopamine receptors has also been described to protect
Ž .neurons from apoptosis Iwasaki et al., 1996 and it has

been shown in vivo, that the administration of low doses of
8-OH-DPAT induces behavioural syndromes which can be
blocked by the b-adrenoceptor antagonist propranolol
Ž .Lucki, 1992 . As shown in Table 1, the stimulation of
dopamine or b-adrenoceptors was not involved in the
antiapoptotic effect of Bay=3702.

Previous studies have shown that serotonin has neu-
Ž .rotrophic effects Hanley, 1989 which are mediated by

Ž .stimulation of 5-HT receptors Yan et al., 1997 . There-1A

fore, we measured the neuronal NGF secretion of chick
neurons incubated in medium with or without serum in the
presence and absence of Bay=3702. Under control condi-

Ž .tions medium with serum , Bay=3702 increased signifi-
cantly NGF secretion into the culture medium and simi-
larly, we found in vivo an increase in the NGF content of
the rat hippocampus, but not of the striatum 6 h after the

Ž .infusion of 4 mgrml Bay=3702 i.v. . Under conditions
of serum withdrawal, the NGF content of the culture
medium was already increased without drug, but was not
further elevated by Bay=3702.

However, anti-NGF antibodies inhibited the neuropro-
tective effect of Bay=3702 in chick neurons suggesting
that Bay=3702 affected the NGF signalling pathway
leading to a synergistic effect of NGF and Bay=3702.
Consistently, the stimulation of the 5-HT receptor has1A

been reported to activate ras-dependent mitogen activated
Ž .kinases MAPK , a pathway which is also shared by NGF,

and it increased the activity of phosphoinositide-3-kinase
Ž .Garnovskaya et al., 1996 , an enzyme which has been

Žshown to be essential for cell survival Yao and Cooper,
.1995 . Bay=3702 induced NGF synthesis in chick neu-

rons cultured in medium with serum. Other drugs which
have been shown to induce NGF protein and NGF m-RNA
probably by increasing the intracellular c-AMP concentra-

Žtions are the b-adrenoceptor agonists Mocchetti et al.,
.1989; Schwartz and Mishler, 1990; Semkova et al., 1996 .

Analogues of c-AMP were also able to increase NGF
Ž .synthesis Kew et al., 1996 . In the coexistence of 5-

HT r5-HT r5-HT receptors, the 5-HT receptor1A 1B 1D 1A

seemed to be negatively coupled to adenylate cyclase
Ž .Fanburg and Lee, 1997 . However, in chick neurons,

Ž .lacking the 5-HT receptor Heuring et al., 1986 , the1B

stimulation of 5-HT receptor led to an activation of1A

adenylate cyclase and to an increase in the intracellular
Ž .c-AMP content Fanburg and Lee, 1997 .

In addition, other mechanisms of action of Bay=3702
should be discussed such as the opening of potassium
channels which leads to a hyperpolarization of the cell

Žmembrane and thereby to neuroprotection Penington et
.al., 1993; Rupalla et al., 1994; Kew et al., 1996 . On the

other hand, elevated intracellular potassium concentration
increased the concentration of NGF-m-RNA in cultured

Ž .hippocampal neurons Lu et al., 1991; Zafra et al., 1992 .
It has been shown that the stimulation of 5-HT receptors1A

2q Žinhibited the voltage-dependent Ca influx Rupalla et
.al., 1994; Chen and Penington, 1996 and others have

w 2qxfound that the prevention of the increase in Ca wasi
Žable to abolish the induction of apoptosis Trump and

.Berezesky, 1995 .

5. Conclusion

Our data suggest that neuronal apoptosis induced by
serum deprivation can be inhibited by the highly selective
5-HT receptor Bay=3702 and that the NGF signalling1A

pathway seems to be involved in the mechanism of action.

Acknowledgements

We thank Ricarda Huhne for helpful discussions.¨

References

Ahlemeyer, B., Krieglstein, J., 1997. Stimulation of 5-HT receptors1A

inhibits apoptosis induced by serum deprivation in cultured neurons
from chick embryo. Brain Res. 777, 179–186.

Bjorvatn, B., Fornal, C.A., Martin, F.J., Metzler, C.W., Jacobs, B.L.,
1998. The 5-HT receptor antagonist p-MPPI blocks 5-HT autore-1A 1A

ceptors and increases dorsal raphe unit activity in awake cats. Eur. J.
Pharmacol. 356, 167–178.

Chaput, Y., de Montigny, C., 1988. Effects of the 5-hydroxytryptamine1

receptor antagonist, BMY 7378, on 5-hydroxytryptamine neurotrans-1

mission: electrophysiological studies in the rat central nervous system.
J. Pharmacol. Exp. Ther. 246, 359–370.

Chen, Y., Penington, N.J., 1996. Differential effects of protein kinase C
activation on 5-HT receptor coupling to Ca2q and Kq currents in1A

rat serotonergic neurones. J. Physiol. 496, 120–137.
De Vry, J., Schohe-Loop, R., Heine, H.G., Greuel, J.M., Mauler, F.,

Schmidt, B., Sommermeyer, H., Glaser, T., 1998. Characterization of
the aminomethylchroman derivative Bay=3702 as a highly potent
5-hydroxytryptamine receptor agonist. J. Pharmacol. Exp. Ther.1A

284, 1082–1094.
Dong, J., de Montigny, C., Blier, P., 1998. Full agonistic properties of

Bay=3702 on presynaptic and postsynaptic 5-HT receptors. Elec-1A

trophysiological studies in the rat hippocampus and dorsal raphe. J.
Pharmacol. Exp. Ther. 286, 1239–1247.

Fanburg, B.L., Lee, S.-L., 1997. A new role for an old molecule:
serotonin as a mitogen. Am. J. Physiol. 272, L795–L806.

Fletcher, A., Forster, E.A., Bill, D.J., Brown, G., Cliffe, I.A., Hartley,
J.E., Jones, D.E., McLenachan, A., Stanhope, K.J., Critchley, D.J.,
Childs, K.J., Middlefell, V.C., Lanfumey, L., Corradetti, R., Laporte,
A.M., Gozlan, H., Hamon, M., Dourish, C.T., 1996. Electrophysio-
logical, biochemical, neurohormonal and behavioural studies with
WAY-100635, a potent, selective and silent 5-HT receptor antago-1A

nist. Behav. Brain Res. 73, 337–353.
Garnovskaya, M.N., van Biesen, T., Hawes, B., Casanas Ramos, S.,

Lefkowitz, R.J., Raymond, J.R., 1996. Ras-dependent activation of
fibroblast mitogen-activated protein kinase by 5-HT receptor via a1A

G protein b-subunit-initiated pathway. Biochemistry 35, 13716–
13722.

Hajos-Korcsok, E., Sharp, T., 1996. 8-OH-DPAT-induced release of´
hippocampal noradrenaline in vivo: evidence for a role of both
5-HT and dopamine D receptors. Eur. J. Pharmacol. 314, 285–291.1A 1

Hanley, M.R., 1989. Mitogenic neurotransmitters. Nature 340, 97–98.
Heuring, R.E., Schlegel, J.R., Peroutka, S.J., 1986. Species variation in

RU24969 interactions with non-5-HT binding sites. Eur. J. Pharma-1A

col. 122, 279–283.



( )B. Ahlemeyer et al.rEuropean Journal of Pharmacology 370 1999 211–216216

Iwasaki, Y., Shiojima, T., Ikeda, K., Kinoshita, M., 1996. Bromocriptine
prevents spinal motor neuron death following sciatic nerve transection
in neonatal rats. Neurosci. Lett. 214, 139–142.

Kew, J.N.C., Smith, D.W., Sofroniew, M.V., 1996. Nerve growth factor
withdrawal induces the apoptotic death of developing septal choliner-
gic neurons in vitro: protection by cyclic AMP analogue and high
potassium. Neuroscience 70, 329–339.

Kung, M., Frederick, D., Mu, M., Zhuang, Z., Kung, H.F., 1996.
Ž . w X Ž Y . x4- Methoxyphenyl -1- 2 - n-2 -pyridinyl -p-iodobenzamido -ethyl-

Žw125 x .piperazine J p-MPPI as a new selective radioligand of sero-
tonin-1A sites in rat brain: in vitro binding and autoradiographic
study. J. Pharmacol. Exp. Ther. 272, 429–437.

Larsson, L.G., Stenfors, C., Ross, S.B., 1998. Differential regional antag-
onism of 8-OH-DPAT-induced decrease in serotonin synthesis by two
5-HT receptor antagonists. Eur. J. Pharmacol. 346, 209–215.1A

Lu, B., Yokoyama, M., Dreyfus, C., Black, I.B., 1991. Depolarizing
stimuli regulate nerve growth factor gene expression in cultured
hippocampal neurons. Proc. Natl. Acad. Sci. USA 88, 6289–6292.

Lucki, I., 1992. 5-HT receptors and behaviour. Neurosci. Biobehav. Rev.1

16, 83–93.
Mocchetti, I., Bernardi, M.A., Szekeley, A.M., Alho, H., Brooker, G.,

Costa, E., 1989. Regulation of nerve growth factor biosynthesis by
b-adrenergic receptor activation in astrocytoma cells: a potential role
of c-fos protein. Proc. Natl. Acad. Sci. USA 86, 3891–3895.

Mokrosz, J.L., Paluchowska, M.H., Chojnacka-Wojcik, E., Filip, M.,
Charakchieva-Minol, S., Deren-Wesolek, A., Mokrosz, M.J., 1994.
Structure relationship studies of central nervous system agents: 13.

w . x Ž .4- 3-Benzotriazol-1-yl propyl -1- 2-methoxyphenyl piperazine, a new
putative 5-HT1A receptor antagonist, and its analogs. J. Med. Chem.
19, 2754–2760.

Penington, N.J., Kelly, J.S., Fox, A.P., 1993. Whole cell recordings of
inwardly rectifying Kq currents activated by 5-HT receptors on1A

dorsal raphe neurones of the adult rat. J. Physiol. 469, 387–405.
Pettmann, B., Louis, J.C., Sensenbrenner, M.C.L., 1979. Morphological

and biochemical maturation of neurones cultured in the absence of
glial cells. Nature 281, 378–380.

Prehn, J.H.M., Welsch, M., Backhauß, C., Nuglisch, J., Ausmeier, F.,
Karkoutly, C., Krieglstein, J., 1993. Effects of serotonergic drugs in
experimental brain ischemia: evidence for a protective role of sero-
tonin in cerebral ischemia. Brain. Res. 630, 110–120.

Rupalla, K., Jakob, R., Krieglstein, J., 1994. Effects of 5-HT receptor1A

agonists on the glutamate-induced rise in cytosolic calcium concentra-
tion as well as on calcium and potassium currents in hippocampal

Ž .neurons. In: Krieglstein, J., Oberpichler, H. Eds. , Pharmacology of
Cerebral Ischemia. MedPharm, Stuttgart, pp. 89–94.

Schwartz, J.P., Mishler, K., 1990. Beta-adrenergic receptor regulation
through cyclic AMP, of nerve growth factor expression in rat cortical
and cerebellar astrocytes. Cell. Mol. Neurobiol. 10, 447–457.

Semkova, I., Schilling, M., Henrich-Noack, P., Rami, A., Krieglstein, J.,
1996. Clenbuterol protects mouse cerebral cortex and rat hippocam-
pus from ischemic damage and attenuates glutamate neurotoxicity in
cultured hippocampal neurons by induction of NGF. Brain Res. 717,
44–54.

Semkova, I., Wolz, P., Krieglstein, J., 1998. Neuroprotective effect of
5-HT receptor agonist Bay=3702 demonstrated in vitro and in1A

vivo. Eur. J. Pharmacol. 359, 251–260.
Suchanek, B., Struppeck, H., Fahrig, T., 1998. The 5-HT receptor1A

agonist Bay=3702 prevents staurosporine-induced apoptosis. Eur. J.
Pharmacol. 355, 95–101.

Trump, B.F., Berezesky, I.K., 1995. Calcium-mediated cell injury and
cell death. FASEB J. 9, 219–228.

Yan, W., Wilson, C.C., Haring, J.H., 1997. 5-HT receptors mediate the1A

neurotrophic effect of serotonin on developing dentate granule cells.
Dev. Brain Res. 98, 185–190.

Yao, R., Cooper, G.M., 1995. Requirement for phosphatidylinositol-3-
kinase in the prevention of apoptosis by nerve growth factor. Science
267, 2003–2006.

Zafra, F., Lindholm, D., Castren, E., Hartikka, J., Thoenen, H., 1992.
Regulation of brain-derived neurotrophic factor and nerve growth
factor mRNA in primary cultures of hippocampal neurons and astro-
cytes. J. Neurosci. 12, 4793–4799.


