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Serum Corticosterone Increases Reflect Enhanced Uptake
Inhibitor-induced Elevation of Extracellular
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Abstract

The increase in extracellular 5-hydroxytryptamine (5-HT) in rat hypothalamus following administration
of fluoxetine, a 5-HT-uptake inhibitor, was enhanced by the injection of LY206130 (1-{1-H-indol-4-yloxy]-
3-[cyclohexylamino]-2-propanol maleate), a SHT,, receptor antagonist, or by L-5-hydroxytryptophan (L-5-
HTP), the 5-HT precursor. Elevation of serum corticosterone, measured as a functional output of
hypothalamic 5-HT pathways, was greater in rats treated with fluoxetine plus LY206130 or with fluoxetine
plus L-5-HTP than in rats treated with the agents alone.

Synergism between effects of fluoxetine and L-SHTP has often been reported, but this is the first report
of an increased functional effect when a 5-HT,, receptor antagonist is combined with a 5-HT uptake
inhibitor to augment the increase in extracellular 5-HT.

The inhibition of 5-hydroxytryptamine (5-HT) uptake by
fluoxetine and other selective compounds results in increased
concentration of extracellular S-HT in various brain regions
(Perry & Fuller 1993; Fuller 1994), and in increased 5-HT
function indicated by behavioural and other effects (Fuller
1992a). Extracellular 5-HT concentration is determined by
the rate of neuronal release of 5-HT and the rate of removal
of 5-HT from the extracellular space, the removal occurring
mainly through uptake by the membrane transporter. When
uptake is inhibited and extracellular S-HT accumulates, the
increased activation of autoreceptors on 5-HT neurons
diminishes 5-HT release and limits the increase in extra-
cellular 5-HT (Fuller 1994; Hjorth & Auerbach 1994).
Extracellular 5-HT is not increased as much by uptake
inhibitors as it is by 5-HT-releasing drugs, which release
5-HT independently of nerve firing (Kalen et al 1988; Sabol
et al 1992; Fuller 1994).

Recently the antagonism of 5HT,, autoreceptors has
been shown to enhance the increase in extracellular 5-HT
resulting from uptake inhibition (Hjorth 1993). Coadminis-
tration of the 5-HT precursor, 1-5-hydroxytryptophan (L-
SHTP), has also been shown to enhance the increase in
extracellular 5-HT resulting from uptake inhibition (Perry &
Fuller 1993). In the latter case, the larger increase in extra-
cellular 5-HT by the combination of L-5SHTP plus fluoxetine
is associated with many functional effects that are larger
after the drug combination than after the uptake inhibitor
alone (Fuller et al 1975b, 1976; Perry & Fuller 1993). To
date, there have been no reports that 5-HT function is
increased more by the combination of an uptake inhibitor
with a SHT,, receptor antagonist than by an uptake inhi-
bitor alone. To study that possibility, we measured one
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functional effect of 5-HT neurons, their stimulatory input
to the pituitary-adrenocortical axis (Fuller 1992b).

5-HT nerve terminals in the hypothalamus make synaptic
contact with corticotropin releasing factor (CRF)-contain-
ing neurons (Liposits et al 1987). Direct- and indirect-acting
5-HT receptor agonists increase CRF release into the portal
circulation to the anterior pituitary gland (Gibbs & Vale
1983) and increase ACTH and corticosterone in the systemic
circulation in rats (Fuller 1992b). Previously we had shown
that fluoxetine and L-SHTP acted synergistically to increase
serum corticosterone concentration in rats (Fuller et al 1975b;
1976), just as they acted synergistically to increase extracellular
5-HT concentration in rat hypothalamus (Perry & Fuller
1993). Here we describe studies of a SHT | , receptor antagonist
combined with fluoxetine, which resulted in a similar synergis-
tic effect on serum corticosterone concentration and on extra-
cellular 5-HT concentration in hypothalamus.

In a published study of SHT,, receptor antagonism
combined with uptake inhibition, Hjorth (1993) used the
B-adrenergic-receptor-blocking drug penbutolol which also
antagonizes SHT), receptors. In the current study, we used
an analogue of pindolol, another g-blocker which is also a
5HT,, receptor antagonist. This pindolol analogue,
LY206130 (Wong et al 1994), has preferential affinity for
SHT, ,vs (-adrenergic receptors.

Methods

Male Sprague-Dawley rats, 190-300 g, were purchased from
Charles River Breeding Laboratories, Portage, M1. Fluoxetine
hydrochloride and LY206130 (1-{1-H-indol-4-yloxy}-3-
[cyclohexylamino]-2-propanol maleate) were synthesized in
the Lilly Research Laboratories. L-SHTP was purchased
from Sigma Chemical Company, St Louis. MO. Microdialysis
experiments in conscious, freely moving rats and measure-
ment of 5-HT concentrations by liquid chromatography
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with electrochemical detection were as described by Perry &
Fuller (1992, 1993). The microdialysis probe was implanted
stereotaxically in chloral hydrate/pentobarbitone anaesthe-
tized rats. The rats were allowed to recover for two days
pefore use in a microdialysis experiment. Drug doses,
vehicles and treatment times were as described below. The
microdialysis data were analysed by the nonparametric
wilcoxon rank sum test (Bolton 1984).

For corticosterone measurement, separate groups of rats
without microdialysis probes implanted were housed in
groups of 5 in a 22°C room with lights on from 0700 to
1900 for 1 week to acclimatize to the environment. Food and
water were freely available. Rats were treated and were
decapitated between 0900 and 1100h. Fluoxetine hydro-
chloride at an intraperitoneal dose of 10mgkg~' was given
2h before 5-HT or corticosterone measurements; the injec-
tion vehicle was distilled water. L-SHTP and LY206130
were injected subcutaneously at doses of 20 and Smgkg™!
respectively, 1h before 5-HT or corticosterone measure-
ments; injection vehicle was 0-01m HCI, and injection
volume was ImLkg™! in all cases, and all rats received
vehicle or drug at each treatment time. The order of treat-
ments was randomized. Trunk blood was collected and
allowed to clot, then serum obtained by centrifugation was
stored frozen before analysis. The serum corticosterone
concentration was measured by radioimmunoassay (Corti-
costerone *H kit, ICN Biomedicals, Inc., Costa Mesa, CA).
Samples were diluted according to kit instructions and
analysed in duplicate. Correlation coefficient for the stand-
ard curve was 0-99. The corticosterone antiserum cross-
reacted 6% with desoxycorticosterone and less with other
steroids tested. Statistical analyses of corticosterone data
were by analysis of variance and group comparison by
Scheffe’s method.

Results

Table 1 shows extracellular concentrations of 5-HT in the
hypothalamus, expressed as percentage of the baseline
value. A significant increase in extracellular 5-HT was
found after the injection of fluoxetine but not after the
injection of LY206130 or the low dose of L-SHTP. Larger
increases in extracellular 5-HT were found when fluoxetine
and LY206130 or L-SHTP were injected in combination.

Table_lA Effect of LY206130 (Smgkg™', i.p.) or L-SHTP (20mgkg™',
Lp.) given 1 h before measurements were made and 1h after pretreat-
Ment with vehicle or fluoxetine (10 mgkg™') on 5-HT concentration
In microdialysis fluid from hypothalamus and serum corticosterone
Concentration in rats.

Experiment n 5-HT n  Corticosterone
(% baseline) (ngmL 1)

Vehicle control 18 100+ 11 5 1441

+ fluoxetine 11 367 £ 32%** 5 91434
LY206130 + vehicle 3 91417 5 79+ 18

+ fluoxetine 5 581 4 62%*t 5 254 4 41¥t
L-SHTP 4 vehicle 4 151 +18 5 52 4 28

+ fluoxetine 6 7054 124%*¥ 5 3744 TR**

“Basal level of 0-334pmolmL-' (0-100 — 0-705 pmolmL").
P <005, **p <001, ***P <0001 compared with controi;
P <005 1P <001 compared with fluoxetine-treated animals.

*
i

Table 1 shows the concentration of corticosterone in rat
serum. Significant increases in serum corticosterone were
found in those groups pretreated with fluoxetine and then
given either LY206130 or L-5HTP. Nonsignificant effects
were produced by fluoxetine, LY206130 and L-SHTP
injected alone. The increase in serum corticosterone was
18-fold in rats receiving fluoxetine + LY 206130 and 26-fold
in rats receiving fluoxetine + L-5SHTP. The magnitude of the
increases in extracellular 5-HT paralleled the magnitude of
the increases in serum corticosterone.

Discussion

Our results with LY206130 combined with fluoxetine are
similar to those reported by Hjorth (1993) from studies of
penbutolol combined with citalopram with regard to extra-
cellular 5-HT concentrations. Hjorth (1993) measured extra-
cellular 5-HT in hippocampus, whereas we measured it in
hypothalamus. Fluoxetine and citalopram, by inhibiting
5-HT uptake, caused increases in extracellular 5-HT. Those
increases were exaggerated when 5-HT,, autoreceptors
were blocked by LY206130 or by penbutolol, consistent
with evidence that 5-HT, 5 autoreceptors are activated when
extracellular 5-HT is increased, leading to a reduction in the
firing of 5-HT neurons and limiting the increase in extra-
cellular 5-HT (Clemens et al 1977, Hjorth & Auerbach
1994). The dose of LY206130 that we used is 10 times the
ED350 dose of LY206130 (0-5mgkg~', s.c.) for blocking the
elevation of serum corticosterone induced by 8-hydroxy-2-
(di-n-propylamino)tetralin (unpublished data). The dose of
fluoxetine was chosen to give complete inhibition of 5-HT
uptake based on lowering of brain concentrations of 5-
hydroxyindoleacetic acid (Fuller et al 1974) and blockade
of brain S-HT depletion by p-chloroamphetamine (Fuller
et al 1975a). The dose of L-SHTP was based on a previous
publication showing significant enhancement of extracellu-
lar 5-HT in fluoxetine-treated rats (Perry & Fuller 1993).
5-HT-uptake inhibitors increase extracellular 5-HT
(Fuller 1994) and cause functional effects resulting from
increased 5-HT transmission (Fuller 1992a). Those functional
effects include decreased muricidal aggression (Molina et al
1987), decreased food intake and altered food preference
(Goudie et al 1976; Kim & Wurtman 1988), decreased rapid-
eye-movement sleep (Slater et al 1978), anticonvulsant
effects in epilepsy models in rats (Dailey et al 1992) and
activation of the pituitary-adrenocortical axis (Fuller et al
1976). The increase in extracellular 5-HT after uptake
inhibition is limited by reducing firing and release of 5-HT
resufting from activation of somatic and terminal auto-
receptors on 5-HT neurons, but nonetheless is sustained
for the duration of uptake inhibition (Rutter & Auerbach
1993). Uptake inhibition alone does not cause some effects
produced by direct-acting 5-HT agonists, by 5-HT-releasing
drugs, or by high doses of L-SHTP, presumably because
those effects require higher degrees of activation of 5S-HT
receptors; an example of such an effect is elevation of serum
prolactin in rats (Krulich 1975; Clemens et al 1977).
Previous studies have shown that pretreatment with
fluoxetine to inhibit 5-HT uptake potentiates many effects
of L-5HTP including activation of pituitary-adrenocortical
function (Fuller et al 1975b, 1976), reduction of food intake
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(Goudie et al 1976), lowering of blood pressure in hyperten-
sive rats (Fuller et al 1979) and anticonvulsant effects in
genetically epilepsy-prone rats (Yan et al 1994). Such
potentiation agrees well with the exaggerated increase in
extracellular 5-HT measured recently by microdialysis in
rats treated with fluoxetine plus L-5HTP (Perry & Fuller
1993). Although it has been reported that 5-HT, ,-receptor
antagonists enhance the increase in extracellular 5-HT
caused by uptake inhibition (Hjorth 1993), there has been
no functional evidence that 5-HT neurotransmission is
increased to a larger extent. The present findings show
that LY206130 exaggerates the fluoxetine-induced increase
in extracellular 5-HT and that the increased amounts of
extracellular 5-HT in rats treated with that combination
are associated with increased activation of the pituitary-
adrenocortical axis. The increases in extracellular 5-HT and
in serum corticosterone concentration were slightly less in
the group of rats treated with fluoxetine plus LY206130 than
in the group of rats treated with fluoxetine plus L-SHTP.
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