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ABSTRACT

Bourcoln, S., F. Artaup, A. EnsaLsert, F. Hery, J. GLowinskl AND M.
Hamon: Acute changes in central serotonin metabolism induced by the blockade
or atimulation of serotoninergic receptors during ontogenesis in the rat. J. Phar-
macol. Exp. Ther. 202: 519-531, 1977.

Both the synthesis and utilization of serotonin (5-HT) are accelerated in the brain of
the adult rat after the administration of the 5-HT antagonist methiothepin. In
contrast, the reverse is observed when the central 5-HT agonist, LSD, is administered.
The present study was undertaken in order to determine if these metabolic events also
occur in the newborn rat. Serotoninergic receptors are linked to an adenylate cyclase
in the brain of the newborn rat. The effects of methiothepin and LSD on this enzyme
demonstrated that methicthepin and LSD could be also considered, respectively, as an
antagonist and a partial agonist of 5-HT in the central nervous system of the neonate.
The administration of methiothepin induced an acceleration in the rate of 5-HT
synthesis in the brain of newborn rats as it does in adult animals. In contrast, LSD
treatment resulted in a partial inhibition of 5-HT synthesis only in rats older than 8
days of age. These results were confirmed by estimating the rate of 5-HT synthesis in
vitro in brain slices prepared from rats treated with methiothepin or LSD. The
addition of 30 mM K* to the incubating medium of brain stem slices from adult or
young rats (12 hours and 7 days old) induced a doubling in the output of ["H}5-HT
newly synthesized from [*H]tryptophan. The releasing effect of K* was enhanced in
the presence of methiothepin. In contrast, LSD partially inhibited the K*-induced
release of [*H]5-HT. These changes induced by methiothepin and LSD were also
observed in experiments with tissues from newborn rats. Therefore, it could be
concluded that the feedback mechanisms triggered by (presynaptic) serotoninergic
receptors could regulate 5-HT release immediately after birth. The delayed occurrence
of the negative fecdback process controlling 6-HT synthesia (afler LSD treatment)
might suggest that the regulation of 5-HT synthesis is not related to 5-HT release
during the early life period.
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The biosynthesis and release of monoamines
in the central nervous system of adult rodents
are controlled at least partially by feedback
mechanisms triggered by specific receptors.
The first experimental evidence of such a regu-
lation was reported by Carlsson and Lindgvist
(1963) who observed that the administration of
dopamine antagonists, i.e., neuroleptics, re-
sulted in an enhanced turnover of dopamine in
the brain of the mouse. Similar observations
were then made for other monoaminergic neu-
rotransmitters, notably serotonin (5-HT).
Thus, the stimulation of central serotoninergic
receptors by LSD (Andén et al., 1968; Hamon et
al., 1974), by 5-methoxy-N,N-dimethyltryptam-
ine (Fuxe et al., 1972), by ergocornine (Corrodi
etal., 1975) and by some hallucinogenic phenyl-
ethylamines (Andén et al., 1974) initiates a
compensatory negative feedback mechanism
which slows down the turnover of 5-HT in the
brain. In contrast, the blockade of central sero-
toninergic receptors by methysergide (Sofia
and Vassar, 1975), by methergoline (Fuxe et
al., 1975) and by methiothepin (Monachon et
al., 1972; Hamon ef al., 1975) induces an in-
crease in the rates of synthesis and utilization
of the indoleamine. These feedback mecha-
nisms are still operating in brain slices to con-
trol the release of [*H]5-HT induced by K* or
electrical field stimulation, Thus, LSD signifi-
cantly decreases the rate of [FHI5-HT efflux
from brain slices induced by K* (Hamon et al.,
1974) or electrical field stimulation (Katz and
Kopin, 1969). The same effect has been ob-
served with ergocornine, another 5-HT agonist
{(Farnebo and Hamberger, 1974). In contrast,
when a 5-HT antagonist like methiothepin is
added to the incubating medium, the evoked
release of ["H15-HT is largely increased (Far-
nebo and Hamberger, 1974; Hamon ¢t al., 1975).

In spite of these numerous data, little is yet
known about the molecular mechanisms in-
volved in these feedback regulatory processes.
In particular, we recently observed that the
rate-limiting enzyme in the synthesis of 5-HT
(tryptophan hydroxylase) is, as is tyrosine hy-
droxylase (Ziveovie of al., 1974), an allosteric
enzyme which can be activated by the blockade
of specific receptors in vivo (Hamon et al.,
1976b). The role of neuronal loops and/or local
synaptic events in triggering these feedback
regulatory mechanisms has not been satisfacto-
rily assessed. Since the central innervation is
immature at birth in the rat, one might sup-
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pose that the regulatory mechanisms which can
be detected at this age do not involve complex
neuronal loops but rather local synaptic proc-
esses. The present paper reports our studies on
the onset of feedback mechanisms regulating
the release and the synthesis of 5-HT in the rat
brain during ontogenesis. The negative and
positive feedback processes were examined in
young animals by analyzing the acute effects of
LSD and methiothepin administrations, respec-
tively, on 5-HT metabolism in brain.

Methods

Adult male Sprague Dawley rats (Charles River
strain) weighing 250 to 300 g were used. Pregnant
females of the same strain (IFFA CREDO, France)
were obtained 7 days before the delivery. The litters
were limited to nine newborns. Before weaning (on
the 218t postnatal day), both males and females
were used, whereas only males were used for experi-
ments in older animals.

All rats were maintained in the same environ-
mental conditions (24°C; 80% humidity; alternate
cycles of 12 hours darkness and 12 hours light). Food
and water were freely available.

The following compounds were used: d-lysergic
acid diethylamide (LSD, Sandoz Ltd., Basel, Switz-
erland), methiothepin (1-[10, 11-dihydro-8 (methyl-
thiol}) (b, thiepin-10-yl]-4-methylpiperazine ma-
leate, Hoffmann-La Roche Inc., Basel, Switzerland),
benserazid (Ro 4-4602, Hoffmann-La Roche Inc.) and
chlorimipramine (Ciba-Geigy Corp., Summit, N.J.).

G-[*H-tryptophan (4.5 to 9.8 Ci/mmol), § (n) t-
1*Hltryptophan (29 Ci/mmol) and G-|"H]5-HT (13.5
Ci/mmol} were purchased from Radiochemical
Centre (Amersham, England). Each compound was
purified just before each experiment by ion-ex-
change and adsorption chromatography as described
previously (Hamon et al., 1974). [a-*P)adenocsine
triphosphate ([«-®PJATP, 10-20 Ci/mmol) was from
New England Nuclear, Boston, Mass.

In vive experiments. Drugs were administered
intraperitoneally except in rats younger than 14
days old which were injected subcutaneously on the
back. All injections were performed in the middle of
the light period, around 2 pm. Doses refer to the
bases in all cases. At the times indicated under
“Results,” animals were killed by decapitation and
their brains were removed in the cold room in less
than 30 scconds, Generally, biochemienl analyses
were condueted on the whele brain minus the core-
bellum. In some cases, the brain stem and the fore-
brain were separated by a transverse midcollicular
cut. Tissues were then homogenized in an ethanol-
water (74:16 v/v) solution containing ascorbic acid
and EDTA (0.02% each) as antioxidants. 5-HT was
selectively extracted from the clear supernatant by
ion-exchange chromatography on an Amberlite CG
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50 column. Tryptophan and 5-hydroxytryptophan (5-
HTP) in the Amberlite effluent were then retained
on a Dowex AG-WX4 column, and b-hydroxyindole-
acetic acid (5-HIAA) was finally adsorbed on a Seph-
adex G-10 column. Each isclated compound was esti-
mated in corresponding eluates using spectrofluori-
metric methods. Detailed descriptions of the tech-
niques used can be found in preceding papers (Ha-
mon et al., 1973; Bourgoin et al., 1975).

In vitro experiments. Brain stem slices (0.3 mm
thick) of control or treated rats were prepared with a
Mcllwain tissue chopper. They were incubated at
37°C for 30 minutes using a Dubnoff metabolic
shaker in a physiological medium (5 ml for 65-110
mg of tissues) containing (in millimelar concentra-
tions): NaCl, 136; KCl, 5.6; MgCl,, 1.2; CaCl,, 2.2;
NaH,PQ,, 1.2; NaHCO,, 16.2; and glucose 5. The pH
was maintained at 7.35 by a constant atmospheric
mixture of 0,-CO, (95:5%) in the incubating flasks.
When the K* concentration was increased to 30 mM,
the isposmolarity of the medium was maintained by
decreasing the concentration of NaCl to 112 mM.
PHttryptophan (generally labeled or the 5(n)
[*H]amino acid) was added to the incubating me-
dium just before the incubation period. At the end,
tissues and medium were separated by rapid filtra-
tion through Whatman paper (no. 3) under a slight
vacuum. ["H)5-HT, [*HI5-HIAA, [*H]tryptophan
and cold tryptophan were then estimated in each
gample as previously described (Hamon et al., 1973).

For the uptake experiments, the crude synaptoso-
mal fraction (P2) from brain stem sucrose homoge-
nates was used. The effects of methiothepin on
[*H)6-HT uptake in brain stem synaptosomes were
analyzed under conditions described in detail else-
where (Hamon et al., 1976a).

Enzymatic assays. Adenylate cyclase activity.
Adenylate cyclase activity was estimated by mea-
suring the rate of conversion of |a-PJATP into
[*Pleyclic AMP according to Bockaert ef al. (1976).
The enzyme source was a whale homogenate of col-
liculi from newborn rats (less than 24 hours old)
made in 20 volumes (v/w) of an isotonic buffer con-
taining 2 mM Tris-maleate (pH 7.2), 2 mM cthylene-
glycol - bis - (8-aminoethylether) - N,N’- tetraacetic
acid (EGTA, Sigma Chemical Company, St. Louis,
Mo.) and 300 mM sucrose. The whole procedure has
been described in detail previously (Hamon ef al.,
1976a).

MAO activity. The enzyme source was a whole
homogenate of brain stem from adult rats made in
10 volumes of 0.1 M phorphate buffer, pH 7.4. Mone-
amine oxidase activity win estimnted ns proposed by
Kraml (1965) with kynuramine (Sigma Chemical
Company) as the substrate.

Statistical calculations (Student’s t test) were
done according to Snedecor and Cochran (1967).
When P was higher than .05, a difference was not
considered to be significant. Linear regression anal-
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ysig was applied to Dixon plots for the determination
of the K; of methiothepin inhibition of |"H|5-HT
uptake in aynaptosomes.

Results

Effects of LSD and methiothepin on 5-HT-
sensitive adenylate cyclase activity. The con-
version of {a-"PJATP into cyclic (?P]JAMP by a
crude homogenate of colliculi from newborn
rats was accelerated when 5-HT was added to
the assay mixture. The largest increase of
adenylate cyclase activity (about 100%) was ob-
served when the concentration of 5-HT reached
10* M (fig. 1, a and b). As shown in figure 1a,
LSD also increased the activity of adenylate
cyclase in colliculi homogenates of newborn
rats. However, the effect of LSD was much less
striking than that of 5-HT and occurred mainly
in the presence of low concentrations of the
drug. In contrast, when 5-HT was included in
the assay mixture, higher concentrations of
LSD induced a partial inhibition of the acti-
vated enzyme (fig. la). A much more pro-
nounced inhibition was observed when meth-
iothepin instead of LSD was added to the assay
mixture. As shown in fig. 1b, the stimulating
effect of 5-HT was decreased by more than 80%
in the presence of 10-* M methiothepin. How-
ever, in contrast to LSD, methiothepin (up to
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Fia. 1. Effects of LSD (a) or methicthepin (b) on 5-

HT-rensitive adenylate cyclase activity in colliculi

homogennten from newhorn rats. The effect of ench

trug was determined in nbaeonee (0 or in presence

(@) of 10 * M 5-HT. Kach point is the mean S.EM,

of triplicate determinations of cyclic |*P] AMP
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per min and per mg protein in experiments a and b,
respectively.
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10-% M) did not significantly alter the basal
adenylate cyclase activity (fig. 1b).

Effects of methiothepin and/or LSD admin-
istration on tryptophan, 5-HT and 5-HIAA in
the brain of rats at various ages. Obvious be-
havioral changes were observed after the ad-
ministration of methiothepin (20 mg/kg) or
LSD (1 mg/kg) even in 12-hour-old rats. Gen-
eral sedation (catalepsy in adults) occurred
within 5 minutes after the injection of meth-
iothepin regardless of the age of the rats. In
contrast, the administration of LSD resulted in
a hyperactive syndrome beginning 2 to 3 min-
utes after the injection. The behavioral effects
of the psychotomimetic agent was particularly
striking in 14- to 21-day-old rats which Jjumped
and ran continuously for more than 30 minutes
after the treatment. Whereas the normal be-
havior was recovered within 45 minutes in
LSD-treated rats, animals were still deeply se-
dated 5 hours after methiothepin administra-
tion. The latter observations applied to adult,
young and newborn rats.

As shown in figures 2 and 3, LSD and meth-
iothepin altered the levels of indoles in the
brain. Thus, 40 minutes after the injection of
LSD (1 mg/kg), the concentration of 5-HT in the
brain was significantly increased (by 20-40%)
in newborn as well as in adult rats (fig. 2). The
reverse was true for 5-HIAA levels which were
significantly reduced by this treatment in rats
as young as 7 days (fig. 2). Tryptophan levels
were not altered by the administration of LSD
in these conditions (fig. 2).

As shown in figure 3, the administration of
methiothepin (20 mg/kg) 2 hours before sacri-
fice also resulted in an increase in 5-HT levels
in the whole brain of 12-hour- and 7-day-old
rats. However, in contrast to LSD treatment,
this effect was no longer detected in older ani-
mals. Both tryptophan and 5-HIAA levels were
significantly increased in the brain of adult rats
after methiothepin treatment. These changes
were also detected in young animals except
that the increase in tryptophan concentration
in the brain of 14-day-old rats was too small to
reach significance. In another experiment, the
brain stem and the forebrain were separated for
biochemical analyses. Similar changes to those
observed in the whole brain were detected in
both regions after methiothepin administra-
tion, However, increases in 5-HT and 5-HIAA
levels were more pronounced in the brain stem
(+35-80%) than in the forebrain (+8-52%). In
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contrast, tryptophan levels were altered to the
same extent in both regions.

In another set of experiments, the effects of
combined treatments with LSD and methiothe-
pin were analyzed. When LSD (1 mg/kg) was
administered twice, 10 minutes before and 10
minutes after methiothepin, the changes in-
duced by the latter drug were largely pre-
vented. Thus, in adult (fig. 4) and in newborn
rats (fig. 5), the increases both in the 5-HIAA
levels and in the 5-HIAA/5-HT ratio ocecurring
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Fia. 2. Effects of LSD treatment on tryptophan
(TRP) (A), 5-HT (B) and 5-HIAA (C) levels in the
brain of 0.5, 7-, 14- or 90-day-old rats. LSD (1 mg/kg)
or saline was administered 40 minutes before death.
Each indolic compound was measgured in the whole
brain a8 described under "methods.” Each bar is the
mean + S KM, of cighl determinations. *P < .05
when compared with respective control values.
Empty bars: control values taken as 100%; hatched
bars: values from LSD-treated rats as a percentage
of control values. The absolute levels (in micro-
grams per gram) of tophan in control rats were
equal to 21.5 + 1.8,9.1 + 02,62+ 0.3and 4.8 + 0.2
(means + S.E.M.) at 12 hours, 7 darys, 14 days and 80
days of age, respectively. Those of 5-HT were equal
tn 0.20 + 0.01, 0,35 + (.01, 0.44 + 0.01 and 0.56 +
0.01 pg/p. 5-HIAA levels were equal to 0.58 + 0.03,
lt]..ﬁbli 0.03, 1.05 + 0.07 and 0.66 + 0.03 ug/g, respec-

ively,
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Fic. 3. Effects of methiothepin treatment on tryp-
tophan (TRP) (A), 5-HT (B) and 5-HIAA (C) levels in
the brain of 0.5-, 7-, 14- or 90-day-old rats. Methioth-
epin (20 mg/kg) or sa]ine was administered 120 min-
utes before death. Tre}‘;ptup an, 5-HT and 5-HIAA
levels were determined in the whole brain. Empty
bars: control values taken as 100%; hatched bars:
valuu from methiothepin-treated rata as a percent-

of control values. Each bar is the mean =+

S- M. of ei t determinations. * P < .05 when
com)| respective control values. Absolute
levels of tryp han, 5-HT and 5-HIAA were not

significantly different from these in the legend of
figure 2.

normally after methiothepin injection were no
longer observed in LSD pre- and post-treated
animals.

Effects of tryptophan loading on the levels
of 5-HT, 5-HIAA and tryptophan in the rat
brain. Comparisons among methiothepin,
LSD- and saline-treated rats. As shown in ta-
bles 1 and 2, tryptophan loading (300 mg/kg) 1
hour before death resulted in large increases in
tryptophan, 5-HT and 5-HIAA levels in the
brain of adult rats. Previous administration of
LSD (1 mg/kg i.p., 10 minutes before the amino
acid injection) induced a partial inhibition of
the effect of tryptophan loading on 5-HIAA
levels in the brain (table 1). Indeed, the 5-
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HIAA/5-HT ratio was significantly reduced by
LSD treatment in tryptophan-loaded rats com-
pared with control animals ftable 1). In con-
trast, the effects of methiothepin treatment on
tryptophan and 5-HIAA levels (table 2) were
completely masked in tryptophan-loaded rats,
Thus, neither 5-HIAA levels nor the 5-HIAA/5-
HT ratio was significantly altered by methioth-
epin administration 30 minutes before the tryp-
tophan load (table 2).

Effects of LSD treatment on the synthesis

5-HT in vivo and in vitre in brain. In vivo
synthesis. The rate of 5-HT gynthesis was esti-
mated as proposed by Carlason and Lindqvist
(1970) by measuring the rate of 5-HTP accumu-
lation in the brain after the blockade of 5-HTP
decarboxylase by benserazid (800 mg/kg i.p.).
As shown in figure 6, LSD administration (1
mg/kg, 40 minutes before death) resulted in a
large decrease in the rate of 5-HTP accumula-
tion in the brain of adult rats. Such an effect did
not occur in 12-hour- and 7-day-old rats but
became highly significant at the end of the 2nd
postnatal week.

In vitro synthesis of [*"H]5-HT from ['H]-
iryptophan after in vivo treatment with LSD. In
adult rats, LSD treatment (1 mg/kg, 20 min-
utes before death), partially inhibited the for-
mation of [PH]5-HT from [*H]tryptophan in
brain stem slices (table 3). As shown by the
reduction in the conversion index, in vive LSD
treatment resulted in a slight decrease (—17%)
in the rate of 5-HT synthesis in brain stem
slices (table 3). In contrast, this treatment
failed to alter the rate of 5-HT synthesis in
tissues from 6-hour-old rats.

In vitro addition of LSD. The addition of
LSD (10 uM) to the incubating medium of brain
stem slices of adult rats altered neither the
accumulation of (*H }tryptophan nor the synthe-
gis of |["H]5-hydroxyindoles in the tissues. Simi-
lar findings were obtained with tissues of new-
born rats (data not shown).

Effects of methiothepin treatment on the
synthesis of 5-HT in vive and in vitre in brain.
In vivo synthesis. In rats treated with meth-
iothepin (20 mg/kg), the accumulation of 5-HTP
after the blockade of 5-HTP decarboxylase with
Ro 4-4602 (800 my/kgn was significonily more
rapid than in saline-treated animals. As shown
in figure 6, this effect was detected in adult as
well as in newborn rats,

In vitro synthesis after in vivo treatment with
methiothepin, Adult or 12-hour-old rats were
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treated with methiothepin (20 mg/kg) or saline
90 minutes before sacrifice. Brain stem slices
were then prepared and incubated for 30 min-
utes with ["H tryptophan. As shown in table 4,
the administration of methiothepin to adult
rats induced an increased accumulation of
|“H ltryptophan in the tissues and accelerated
the formation of ["H]}5-HT and |'H|5-HIAA
from the labeled amino acid. In tissues of meth-
jothepin-treated newborn rats, only the forma-

tion of |*H)5-HIAA was significantly more
rapid than in slices from respective control ani-
mals. Since the conversion index of tryptophan
into 5-HT was significantly increased in tissues
from methiothepin-treated rats (table 4), we
can conclude that the actual synthesis rate of 5-
HT was enhanced by this treatment. This con-
clusion applies to adult as well as to newborn
rats (table 4).

In vitro addition of methiothepin. When
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TABLE 1
Effects of tryptophan loading on the levels of 5-hydroxyindoles in the brain of control or LSD-treated adult rats
LSD (1 mg/kg i.p.) was administered 10 minutes before L-tryptophan (300 mg/kg i.p.) or saline. Other rats

reoei?ed an injection of L-tryptophan or saline alone. All animals were killed 60 minutes after tryptophan or
70 minutes after LSD treatment. Each value is the mean level (in micrograms per gram of whole brain} +

S.E.M. of six to eight determinations.

Saline Tryptophan

Control LSD Contrel LsD
Tryptophan (pug/g) 5.09 = 0.26 5.47 + 0.27 110.7 + 6.8 106.8 = 4.7
5-HT (ug/g) 0.54 + 0.04 0.69 = 0.02° 0.86 = 0.07 0.95 = 0.04
5-HIAA (pg/p) 0.47 = 0,03 0.34 + 0.02¢ 1.08 + 0.03 0.74 £ 0.07°
R? 0.87 = 0.06 0.50 + 0.03¢ 1.19 + 0.09 0.78 = 0.06*

¢ P < .06 when compared with respective control values.
® R corresponds to the ratio of 5-HIAA over 5-HT levels (mean + S.E. M. of six to eight determinations).

TABLE 2
Effects of tryptophan loading on §-hydroxyindoles levels in the brain of control or methiothepin-treated adult
rats"
Methiothepin 120 mg/kg i.p.) was administered 30 minutes before L-tryptophan (300 mg/kg i.p.). Other

rats received tryptophan or methiothepin alone and control animals were injected simultaneously with the
same volumes of solvents. Sacrifice occurred 90 minutes after methiothepin or 60 minutes after tryptophan

administration
Saline Tryptophan
Control Methiothepin Contro! Methiothepin
Tryptophan (pg/g) 4.83 = 0.26 6.69 = 0.27° 995 + 6.3 95.3 + 8.6
5-BT (ug/g) 0.51 + 0.02 0.50 = 0.04 0.96 + 0.0 0.94 + 0.10
5-HIAA (ng/g) 0.47 = 0.03 0.74 + 0.05" 1.15 + 0.08 1.09 + 0.08
R- 0.92 + 0.06 1.49 = 0.11* 1.20 = 0.09 1.16 = 0,11

« Each value (in micrograms per gram of whole brain) is the mean + S.E.M. of 8 to 14 determinations.
® P < 05 when compared with respective control values.
* R is the ratio of 5-HIAA over 5-HT levels (mean = SEM of 8 to 14 determinations).

methiothepin (20 uM) was added to the incu-
bating medium of brain stem slices prepared
from 12-hour-old or adult rats, it induced a
significant increase in the accumulation of "H-
5-HIAA newly synthesized from |"H}- trypto-
phan (table 5). In slices from newborn animals,
this change was counterbalanced by a signifi-
cant decrease in the amount of newly synthe-
sized "H-5-HT finally recovered from tissues
and incubation medium (-48.8%) so that the
conversion index of tryptophan into 5-HT re-
mained unaltered by the addition of methiothe-
pin. The latter observation also applied to slices
from adult rats indicating that methiothepin
had no direct effect on the synthesis of 5-HT in
the brain stem whatever the age of the rats.

In vitro addition of methiothepin (table 5) as
well as in vivo treatment with this drug (table
4) significantly increased the rate of formation
of *H-5-HIAA from newly synthesized *H-5-HT

in brain stem slices from adult or newborn rats.
Therefore, a possible activating effect of meth-
iothepin on monoamine oxidase activity was
examined. Neither in vive treatment (20 mg/
kg, 30, 60 or 90 minutes before death) nor in
vitro addition of the drug (10 pM, 0.1 mM)
resulted in a significant change in MAO activ-
ity measured in whole brain stem homogenates
with kynuramine as the substrate (data not
shown).

Effects of LSD or methiothepin on the K*-
induced release of newly synthesized ["HI5-
HT from brain stem slices. Regardless of the
nge of the rats, 30 mM K tinstend of 5.6 mM) in
the incubating medium increased the output of
newly synthesized |'H}5-HT by about 100%
(figs. 7 and 8).

Although LSD (10 M) did not alter the spon-
taneous release of newly synthesized ["HI5-HT,
it significantly depressed the K'-induced
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Fi1a. 6. Effects of methiothepin or LSD treatment
on the rate of 5-HT synthesis in the brain of rats at
various ages. The rate of 5-HT synthesia was deter-
mined by measuring the accumulation of 5-HTP in
the whole brain 30 minutes after the injection of a 5-
HTP decarboxylase inhibitor, benserazid (800 mg/
kg). In gll cases, methiothepin (20 mg{ks) was ad-
ministered 90 minutes before benserazid whereas
LSD (1 mg/kg) was injected 10 minutes before the 5-

decarboxylase inhibitor. When saline was in-
ected 90 or 10 minutes before benserazid, no change
in the rate of 5-HTP accumulation could be detected
by comparison with that occurring in rats receiving
the B- decarboxylase inhibitor alone. The rate of
5-HT synthesis ia expressed in micrograms of 5-HTP
accumulated per gram of fresh tissue and per hour.
Each point is the mean + S.E.M. of six to eight
determinations. * P < .05 when compared with val-
ues found in control rats of same age.
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release of the labeled amine (fig. 7). This inhib-
itory effect of LSD was observed with tissues
from adult as well as with those from 12-hour-
old rats. In experiments with brain stem slices
from 7-day-old rats, the effect of LSD was not
significant.

When methiothepin (1¢ uM) instead of LSD
was added to the incubating medium, the re-
leasing effect of K* was considerably increased
(fig. 8). In fact, as shown by the effect of meth-
iothepin on the spontaneous release of newly
synthesized ["HI5-HT (fig. 8), the increase ob-
served might be the consequence of partial inhi-
bition of |"H|5-HT reuptake by the drug. Stud-
ies with synaptosomes from adult brain stem
actually showed that methiothepin is a compet-
itive inhibitor (K, = 1.30 M) of ["H]5-HT up-
take. However, when |"H]5-HT uptake was in-
hibited by chlorimipramine (5 uM) in order to
increase the spontaneous release of [YH15-HT to
the same extent as that observed in the pres-
ence of methiothepin (fig. 8), the K*-evoked
release of the labeled indolamine in the pres-
ence of the 5-HT uptake inhibitor was mark-
edly less pronounced than that seen in the pres-
ence of the 5-HT antagonist (fig. 8). As shown
in figure 8, the stimulating effect of methiothe-
pin (10 uM) on the K*-induced release of newly
synthesized [(*H)5-HT was obvious at all ages
studied.

Discussion
The interaction of 5-HT with specific recep-

tors in the central nervous system of the new-
born rat results in the activation of adenylate

TABLE 3
Effect of LSD treatment on the synthesis of {*H]5-hydroxyindoles from [°H [tryptophan in brain stem slices of
adult or newborn rais®
LSD (1 mg/kg) or saline (control animals) was administered to adult {3-month-old) or newborn (6-hour-
old) rats 20 minutes before death. Their brain stems were dissected and incubated for 30 minutes with
[*HMtryptophan (4 uCi/ml, 0.14 uM) and [*H]- and cold tryptophan in slices, ['H}5-HT and [°H])5-HIAA in

slices and incubating medium were estimated.

Adults Newborns
) ) 7Cnn|.r{:ll LSD ) ) Cnnl.rpl - LSD_“ B
I"H [Tryptophan (uCi/g) 10.3 + 0.4 49+ 0.5 15.0 + 1.2 16.1 = 0.7
I*HI6-HT (uCi/g) 0.93 + 0.06 0.81 = 0.03% 0.72 = 0.05 0.71 = 0.05
[*H]5-HIAA (uCi/g) 0.30 = 0.02 0.29 =+ 0.02 0.57 = 0.04 0.53 = 0.04
CI° 3.97 = 0.27 3.28 = 0.21° 1.91 = 0.13 1.77 = 0.14

2 Each value is the mean + S.E.M. of eight determinations.
* P < .05 when compared with respective control values.
“ CI, the conversion index, is the ratio of ("H!5-HT + [FHI5-HIAA) over the specific activity of

[*HJtryptophan (microcuries per nanomole) in tissues.
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2 TABLE 4
Effect of methiothepin treatment on the synthesis of [*H |5-hydroxyindoles from [*H Jtryptophan in brain stem
slices of adult or newborn rats®
Methiothepin (20 mg/kg) or saline (contrel animals) was administered to adult (3-month-cld) or newborn
(12-hour-old) rats, 90 minutes before death. Their brain stem was dissected, sliced and incubated with
(*H}tryptophan (4.4 pCi/ml corresponding to 0.98 uM) for 30 minutes. ["H] and cold tryptophan in slices,
(*H|6-HT and [°H]5-HIAA in slices and their incubating medium were then determined.

Adults Newhorne
Control Methiothepin Control Methiothepin
[*HITryptophan (uCi/g} 11.3 0.9 13.9 = 0.9° 15.6 * 0.6 17.2 = 0.8
[*H}5-HT (uCi/g) 0.72 + 0.06 0.85 = (.08 0.63 = 0.04 0.61 + 0.05
[*HI5-HIAA (uCi/g) 0.25 + 0.02 0.39 + 0.02* 0.34 = 0.04 0.45 = 0,02
CI- 3.46 + 0.22 4,70 + 0.38° 1.64 = 0.10 1.96 = 0.13®

" Each value is the mean + S.E.M. of eight determinations.

* P < .05 when compared with respective control values.

* Cl (conversion index) is equal to the ratio of ({"H]5-HT + (*H15-HIAA) (in microcuries per gram) over
the specific activity of [*Hltryptophan (in microcuries per nanomole) in tissues.

TABLE 6
Changes in the metabolism of ["H]5-HT newly synthesized from [*H ltryptophan induced by the addition of
methiothepin (20 pM) to the incubating medium of brain stem slices of adult or newborn rats"
Brain stem slices from control adult (3-month-old) or newborn (12-hour-old) rats were incubated with
[*Hltryptophan (4.2 xCi/ml, 0.93 uM) in presence or absence of 20 uM methiothepin. At the end of the 30-
minute incubation period, {*H]tryptophan and cold tryptophan in slices and [*H)5-HT and [°H]5-HIAA in

tissues and medium were determined.

Adults Newborns
Control Methiothepin Control Methiothepin
[*H]Tryptophan (uCi/g) 10.8 + 0.8 124 + 0.5 15.1 + 0.8 13.6 = 0.9
[*H15-HT (pCi/g) 0.81 + 0.06 0.77 = 0.06 0.60 + 0.05 0.31 + 0,03%
[PH15-HIAA (uCi/g) 0.26 + 0.02 0.51 =+ 0.03" 0.43 + 0.03 0.56 + 0.04°
CI 3.58 + 0.25 4,19 = 0.30 1.68 + 0.14 147+ 0.11

7 Each value is the mean = S.E.M. of eight determinations.
® P < .05 when compared with respective control values.
¢ Cl is the conversion index of tryptophan into 5-HT (same definition as in the legend of table 4).

cyclase (Von Hungen et al., 1975, Hamon et al.,
1976a). This effect is particularly striking on
the adenylate cyclase in synaptic membranes
from colliculi of newborn rats (Von Hungen et
al., 1975) but can be also observed with synaptic
membranes from the whale brain of adult rats
(Pagel et al., 1976). In agreement with previous
observations (Von Hungen ef al., 1875; Hamon
et al., 1976a), the present data indicate that
LSD is o portinl ngonist of this 5-HT-sensitive
adenylate cyclase in colliculi from the newborn
rat. In contrast, methiothepin blocked the stim-
ulating effect of 5-HT on this enzyme, thus
confirming previous studies (Monachon et al.,
1972; Tebeéis, 1972, Jacoby ef al., 1975) suggest-
ing that it can be considered as a central 5-HT
antagonist.

Alterations of behavior by LSD or methiothe-
pin were obvious even when the drug was ad-
ministered immediately after birth. Thus,
methiothepin treatment almost completely
abolished locomotor activity whereas LSD in-
duced a disorganized general activation in new-
borns. Recently, Jacobs (1976) also reported
that changes in 5-HT receptor activity in 1- to 3-
day-old rats after 5-HTP, p-chlorophenylalan-
int or =-methoxy-N N-dimethyltryptamine ad-
ministration induced dramatic behavioral con-
seguences.

Several authors (Katz and Kopin, 1969
Schubert et al., 1970; Hamon et al., 1974) al-
ready reported that the stimulation of serotoni-
nergic receptors by LSD induced a significant
decrease in the synthesis and the release of 5-
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Fic. 7. Effects of LSD on the spontaneous and K*-
induced release of newly synthesized [*H}-5-HT in
brain stem slices of 12-hour-, 7-day- or %0-day-old
rats. Brain stem slices were incubated in the pres-
ence of ["Hltryptophan (5.5 uCifml corresponding to
0.56 uM) with or without LSD (10 xM) as indicated
under the figure. The concentration of K* was equal
to 5.6 or 30 mM, The incubation wag stoj 30
minutes later and newly synthesized |"H|5-HT was
determined separately in slices and their incubating
medium. The ["H]5-HT release is expressed as the
ratio (inlpercenta ) of [°H]5-HT in the medium over
the total ("H|5- accumulated in tissues + me-
dium, Each bar is the mean + S.E.M. of six to eight
determinations. * P < .06 when compared with con-
trol values, ** P < .06 when compared with values
found with 30 mM K ' conditions.

HT from the adult rat brain (fig. 9). As shown
by the present study, the inhibitory effect of
LSD on the K'-induced release of [*HI]5-HT
could be detected immediately after birth. In
contrast, the negative feedback process reduc-
ing 5-HT synthesis after LSD treatment did not
seem to occur before the 2nd postnatal week
(fig. 9). This result was recently confirmed by
analyzing the effects of quipazine on 5-HT syn-
thesis in rats at various ages. Since this drug is
able to release 5-HT from presynaptic terminals
and to inhibit its reuptake (Hamon et al.,
1976a), its administration leads to increased
stimulation of the serotoninergic receptors by 5-
HT itself. Then, quipazine, as LSD treatment,
induced a reduction of 5-HT synthesis by trig-
gering the negative feedback process in adult
rats (Hamon et al., 1976a). During ontogencsis,
this effect of quipazine treatment could not be
detected during the lst postnatal week (Bour-

goin, 1976).
In contrast to the inhibitory effects of LSD or
quipnzine treatment on 5-HT synthesis, the ae-

celeration of 5-HT synthesis after methiothepin
administration could be detected immediately
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after birth. As LSD, methiothepin had no direct
effect on 5-HT synthesis either in brain stem
slices (table 5) or in the distal part of the cut
spinal cord (Jacoby ef al., 1975). Since brain
tryptophan levels increased after methiothepin
administration, this might well be the single
reason why the rate of 5-HT synthesis was ac-
celerated by this treatment. However, in 12-
hour-old rats, tryptophan hydroxylase is al-
ready saturated by its amino acid substrate
(Bourgoin et al., 1974; Hoff et al., 1976) so that
increasing the concentration of tryptophan in
brain at this age does not alter the rate of 5-HT
synthesis. This result strongly suggests that
the accelerated synthesis of 5-HT occuring in
12-hour-old rats treated with methiothepin was
not related to alterations in brain tryptophan
levels. Indeed, we demonstrated recently (Ha-
mon et al., 1976b) that the stimulating effect of
methiothepin treatment on 6-HT synthesis was
the consequence of an activation of soluble tryp-
tophan hydroxylase. Therefore, the effect of
methiothepin on 5-HT synthesis resulted likely
from a positive feedback triggered by the block-
ade of serotoninergic receptors (fig. 9) rather
than from alterations in tryptophan levels,

The stimulating effect of methiothepin on the
K'-induced release of ['H]5-HT from brain
stemn slices could not be entirely explained by
its inhibitory action on the reuptake process for
[*H15-HT. As already proposed by Farnebo and
Hamberger (1974), the antagonistic properties
of methiothepin towards 5-HT were also likely
involved in this effect (fig. 9). Therefore, the
present data indicate that the positive feedback
processes which lead to increases in both the
synthesis rate and the K*-induced release of
5-HT after the blockade of central serotonin-
ergic receptors can already be detected at birth.

From these results, several conclusions can
be drawn:

1. The regulatory mechanism triggered by
serotoninergic receptors and controlling [°PH15-
HT release matures very soon during develop-
ment in the rat, well before the negative lecd-
hack process regulating 5-HT synthesis. This
suggests Lthat these mechanisms could act inde-
pendently during the first 2 weeks after birth.
In adult rats, Héry et al. (1972) reported that
the spontaneous release and the synthesis of 5-
HT fluctuated in opposite directions according
to o nyclerohemeral rhythm in physiological
conditions. This would suggest that regulatory
processes controlling these metabolic events
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incubated with 30 mM K* and 10 M methiothepin,

might still be largely independent in adult life.

2. Since the negative feedback process reduc-
ing 5-HT synthesis after LSD administration
occurred later than the positive one induced by
methiothepin treatment, one could propose that
these two mechanisms are independent. In fact,
as shown in figure 4, even when LSD did not
reduce 5-HT synthesis in normal animals i.e..
in 12-hour-old rats, this drug was able to pre-
vent the stimulatory effect of methiothepin on
5-HT metabolism. This result would suggest
that the negative feedback process could act at
birth but only if the turnover of 5-HT exceeded
the normal rate. Another possibility might be
that this negative feedback process was fully
acting yet in newborn rats so that additional
stimulation of serotoninergic receptors by 15D
would be unable to induce a stronger inhibition
of 5-HT synthesis; in particular, this might oc-
cur il serotoninergic receptors were hypersensi-
tive to the indoleamine during the carly life
period. In this case, 5-HT at a submaximal

concentration would be more efficient to stimu-
late 5-HT receptors in the neonatal brain than
in the adult one. Indeed, the stimulating effect
of the indoleamine on the specific adenylate
cyclase in the neonatal brain is much higher
than that oceurring in adult tissues (Von Hun-
gen et al., 1975). In addition, if 5-HT receptors
were already hypersensitive, this could explain
why midbrain raphe lesions (Bourgoin et al.,
1977) or intracisternal 5-7-dihydroxytryptam-
ine injections (Bennett and Snyder, 1976} failed
to change the characteristics of these receptors
in the newborn rat. However, Bennett and Sny-
der (1976) did not detect any change in the
affinity of the receptors for 5-HT during ontoge-
nesis, so that the presence of hypersensitive 5-
HT receptors in the newborn rat is still an open
question. In addition, all these studies (Von
Hungen ct al.. 1975; Bennett and Snyder, 1976;
Bourgoin ef af ., 1977) concern the postsynaplic
5101 receptons, and nothing is known yet about
the possible changes during development in the
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Fig. 9. Schematic diagram illustrating the negative and postive feedback

stimulation and the blockade of serotonine!

esses triggered by the

ic receptors. Negative feedback: In adult rats, the stimulation of

Bemtoninerx'lc receptors (R,,R,) by LSD induced a partial inhibition of the rates of 5-HT release (A,) and
2

synthesis (

). The possible involvement of a neuronal loop in the latter effect is indicated by a dotted line

(B). Positive feedback: The blockade of serotoninergic receptors (R,,R,) by methiothepin induced both an
increase of the 5-HT release (C,) and an accelerated 5-HT synthesis (C.), The role of a neuronal loop in the
latter effect cannot be excluded (dotted line D). In newborn rats the mechanisms A ,, C, and C, are present.
The metabolic steps which are controlled by serotoninergic receptors already at birth are represented by the

grey arrows.

sensitivity of the presynaptic 5-HT receptors
toward 5-HT,

3. The other possibility which would explain
the delay between the first detection of the
negative feedback process and that of the posi-
tive one might be that both regulatory proc-
esses mature independently. Indeed, several
observations support the idea that these mecha-
nisms are independent. Thus, tryptophan load-
ing could completely mask the activation in-
duced by methiothepin treatment whereas it
did not antagonize the partial inhibition evoked
by LSD administration, In the case of meth-
iothepin treatment, this effect of tryptophan
was not surprising since the acceleration of 5-
HT synthesis after the administration of the 5-
HT antagonist is due to an enhanced affinity of
tryptophan hydroxylase for tryptophan with no
change inits V , (Hamonet al., 1976b). There-
fore, saturating the enzyme with its substrate
might completely abolish the effect of methioth-
epin on 6-HT synthesis, In contrust to meth-
iothepin, acute LSD treatment failed to alter
the activity of soluble tryptophan hydroxylase
(Hamon et al., 1976b).

The present study revealed that the metabo-
lism of 5-HT in brain is regulated early in
ontogenesis. The delay between the first occur-
rence of the negative and the positive feedback

processes controlling 5-HT synthesis suggests
that these two processes are in fact independ-
ent. Experiments with other 5-HT agonists and
antagonists (e.g., 5-methoxy-N ,N-dimethyl-
tryptamine and methergoline), probably more
specific than LSD and methiothepin, should
offer a solution to this problem,
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