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The Pharmacology of the Neurochemical Transmission in the Midbrain

Raphe Nuclei of the Rat
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Abstract: Midbrain slices containing the dorsal and medial raphe nuclei were prepared from rat brain, loaded with
[3H]serotonin ([3H]5-HT), superfused and the release of [3H]5-HT was determined at rest and in response to electrical
stimulation. Compartmental analysis of [°’H]5-HT taken up by raphe tissue indicated various pools where the neurotrans-
mitter release may originate from these stores differed both in size and rate constant. 5-HT release originates not only
from vesicles but also from cytoplasmic stores via a transporter-dependent exchange process establishing synaptic and
non-synaptic neurochemical transmission in the serotonergic somatodendritic area. Manipulation of 5-HT transporter
function modulates extracellular 5-HT concentrations in the raphe nuclei: of the SSRIs, fluoxetine was found 5-HT re-
leaser, whereas citalopram did not exhibit this effect. Serotonergic projection neurons in the raphe nuclei possess inhibi-
tory 5-HT ;5 and 5-HT;p,p receptors and facilitatory 5-HT; receptors, which regulate 5-HT release in an opposing fashion.
This observation indicates that somatodendritic 5-HT release in the raphe nuclei is under the control of several 5-HT ho-
moreceptors. 5-HT; receptors located on glutamatergic axon terminals indirectly inhibit 5-HT release by reducing gluta-
matergic facilitation of serotonergic projection neurons. An opposite regulation of glutamatergic axon terminals was also
found by involvement of the inhibitory 5-HT; and the stimulatory 5-HT, receptors as these receptors inhibit and stimulate
glutamate release in raphe slice preparation, respectively, Furthermore, postsynaptic 5-HT,p/;p heteroreceptors interact
with release of GABA in inhibitory fashion in raphe GABAergic interneurons. Serotonergic projection neurons also pos-
sess glutamate and GABA heteroreceptors; NMDA and AMPA receptors release 5-HT, whereas both GABA, and
GABAGg receptors inhibit somatodendritic 5-HT release. Evidence was found for reciprocal interactions between seroton-
ergic and glutamatergic as well as serotonergic and GABAergic innervations in the raphe nuclei. Serotonergic neurons in
the raphe nuclei also receive noradrenergic innervation arising from the locus coeruleus and alpha-1 and alpha-2 adreno-
ceptors inhibited [3H]5-HT release in our experimental conditions. The close relation between 5-HT transporter and re-
lease-mediating 5-HT autoreceptors was also shown by addition of L-deprenyl, a drug possessing inhibition of type B
monoamine oxidase and 5-HT reuptake. L-Deprenyl selectively desensitizes 5-HT ;g but not 5-HT 5 receptors and these

effects are not related to inhibition of 5-HT metabolism but rather to inhibition of 5-HT transporter.
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1. INTRODUCTION

Several lines of evidence indicate since the early discov-
ery of Dahlstom and Fuxe [48] that the cell bodies of sero-
tonergic neurons are concentrated in the midbrain areas. Of
the serotonin (5-HT) cell groups present in the brainstem, the
dorsal and median raphe nuclei have been studied most fre-
quently. At least 50% of all serotonergic neurons of the cen-
tral nervous system are located in the dorsal raphe nucleus
[175], which endows an important interface function with its
extensive afferent and efferent connections [126]. Neuro-
transmitter systems often interact in a reciprocal fashion in
the central nervous system. This may also be true for the
raphe nuclei in which substantial neural elements, the me-
dium-sized serotonergic neurons, the GABAergic interneu-
rons and the glutamatergic axon terminals modulate each
other's function [118, 119]. The aim of this review was to
overview auto- and heteroregulation of serotonergic projec-
tion neurons by various pharmacological agents, and also to
discuss possible reciprocal interactions among the main neu-
rotransmitter systems within the raphe nuclei.
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1.1. Serotonergic Projection Neurons

Almost 70% of the cells in the midbrain raphe nuclei are
serotonergic [176]. Most of the serotonergic neurons are
medium sized cells with spiny dendritic arborization, al-
though serotonin cells with various morphological features
were also observed in the dorsal raphe nucleus [2, 139]. Se-
rotonergic presynaptic dendrites are synapsed upon other 5-
HT-containing dendrites establishing a local regulation of 5-
HT neurons within the raphe nuclei [92, 176]. Besides den-
drodendritic interactions, it has been suggested that the activ-
ity of serotonergic neurons may be regulated locally by re-
current axon collaterals [73]. Serotonergic collaterals may be
intrinsic to the raphe nuclei but 5-HT terminals may also
originate from other 5-HT raphe cell groups. Serotonergic
interconnections among various raphe nuclei have been
demonstrated and they serve as a serotonergic input between
the median and dorsal raphe nuclei [43]. 5-HT itself could
regulate the activity of 5-HT neurons since synaptic afferents
found on 5-HT dendrites and cell bodies are often serotoner-
gic. The number of serotonergic nerve endings with synaptic
specializations is however, is low, suggesting that the major-
ity of 5-HT is released in a non-synaptic manner and thus,
most of the neurons in the raphe nuclei are not under trans-
synaptic 5-HT control [73].
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Serotonergic neurons in the midbrain raphe nuclei exhibit
spontaneous discharge activity of 1 to 5 spikes per second
[163]. The activity of serotonergic neurons in the raphe nu-
clei is determined by at least three different events. These are
the spontaneous, slow firing activity of 5-HT neurons, the 5-
HT release-mediated autoinhibition of the neurons and the
excitatory and inhibitory afferent inputs mediated by non-5-
HT receptors [126]. The autoinhibitory properties of sero-
tonergic neurons, which include regulation of transmitter
release and synthesis and neural firing, are determined by
various metabotropic (5-HTa/ip1p, 5-HT2anc, 5-HT7) and
ionotropic (5-HT;) 5-HT receptors [11, 15, 180]. Different 5-
HT, receptor subtypes are present on 5-HT-containing neu-
rons in the raphe nuclei and they inhibit 5-HT release [49,
125, 149, 153] albeit their regulatory function in this process
is different. In the raphe nuclei, few data are available about
the types of 5-HT receptors mediating heteroreceptor func-
tions i.e. those located on other neurons. Postsynaptic 5-HT
receptors are the target of 5-HT released from dendritic vari-
cosities into the synaptic gap or into the extracellular space
as both synaptic and non-synaptic 5-HTergic neurotransmis-
sion may occur in the raphe nuclei [43, 73].

The release of 5-HT in the raphe nuclei originates from
the somatodendritic area, the recurrent axon collaterals or
axon terminals and the regulation of 5-HT release from these
sites may be different. Dendritic 5-HT release originates
from serotonergic neurons with vesicles within the dendrites
[82], which then may provide neurochemical basis for syn-
chronous firing pattern observed among dorsal raphe sero-
tonergic cells. A further piece of evidence for the presence of
5-HT receptors on serotonergic neurons is that iontophoreti-
cally applied 5-HT decreases the firing of raphe neurons.
Besides, 5-HT released from 5-HT-containing neurons, the
repetitive cycles of hyper- and depolarization of 5-HT-
containing cells are altered by heteroregulation of excitatory
and inhibitory projection neurons and interneurons [125].

1.2. GABAergic Neurons in the Raphe Nuclei

A part of non-5-HT neurons in the raphe nuclei are y-
aminobutyric acid (GABA)-containing interneurons [20] and
they participate in GABAergic-serotonergic interaction in
this brain region [73, 174]. These GABAergic interneurons
establish a local network in the dorsal raphe nucleus making
synaptic connections with neurons containing 5-HT [104,
112]. GABAergic interneurons innervate large principal cell
populations at the perisomatic region or at their dendrites
inducing either synchronization or control of glutamatergic
inputs. There is morphological as well as neurochemical
evidence for the GABAergic-serotonergic interaction in the
raphe nuclei [62, 73, 105]. GABA inhibits serotonergic sys-
tem as it decreases the turnover rate of 5-HT in the median
raphe nucleus [62]. In addition, serotonergic neural activity
was blocked by local application of GABA agonists in the
raphe nuclei [64] and both GABA, and GABAg receptors
may be involved in the GABAergic inhibitory influence on
5-HT cells [158]. Moreover, GABA, and GABAg receptor
subtypes located on presynaptic axon terminals of GABAer-
gic neurons possess release-mediating autoreceptor functions
[98]. GABAergic inhibition may also be mediated by effer-
ent projections and the fibers of the habenulo-raphe pathway
are one of the possible sources for this influence [155, 166,
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173]. The periaqueductal gray matter as well as the amygdala
may also be sources of GABAergic neurons projecting to the
dorsal raphe nucleus [1, 20, 88]. GABAergic efferents may
also terminate GABA interneurons in the raphe nuclei [73].
GABAergic-GABAergic neural interactions frequently occur
in the central nervous system and this interaction may be
mediated by postsynaptic GABA, receptors. The importance
of GABAergic-GABAergic neural connection is to establish
feed-forward inhibition [95].

1.3. External Connections of the Raphe Nuclei with
Other Brain Structures, Afferent and Efferent Pathways

Conversion of incoming signals into output messages
occurs in the internal neural circuitry of the raphe nuclei.
Neural interactions operating in a reciprocal fashion establish
a fine tune between the major cells types in the raphe nuclei.
The neural network of serotonergic projection neurons,
GABAergic interneurons and glutamatergic axon terminals
forms complicated excitatory-inhibitory connections by
which incoming excitatory signals are converted into inhibi-
tory output and sent back to brain areas from where stimula-
tion was generated. The postulated neural interactions are
supported by morphological findings. The functional state of
this internal neural network is determined by various neuro-
transmitters released. The actual concentrations of neuro-
transmitters in the synaptic clefts or in the biophase are regu-
lated by receptors, transporters and also by enzymes involved
in metabolism of transmitter molecules, such as monoamine
oxidases (MAOs), in case of biogenic amines [97]. Both
synaptic and non-synaptic release of neurotransmitters [170]
might be involved in the local 5-HTergic, GABAergic and
glutamatergic circuitry of the raphe nuclei.

The ascending projections of raphe serotonergic neurons
influence several central nervous functions in different fore-
brain structures [121, 154]. In vivo electrophysiological ex-
periments indicate that activation of ascending serotonerg
pathway causes a poststimulus inhibition of 5-HT cell firing
in the dorsal raphe nucleus [71]. This effect is mediated
through 5-HT released from dendrites and axon varicosities
within the raphe nuclei. 5-HT release can be demonstrated
from both somatodendritic and axon terminal parts of these
neurons, although the two areas show several differences in
5-HT content, turnover rate, and receptor density [8]. The
function of 5-HT autoreceptors located on somatodendritic
and axon terminal areas is also different: the former regulates
dendritic 5-HT release and action potential generation, and
the latter primarily governs impulse-mediated 5-HT release
of vesicular origin [180].

The raphe-hippocampal pathway is one of the numerous
ascending serotonergic projections in the brain [55]. The
caudate nucleus also represents an important projection field
for serotonergic neurons located in the raphe nuclei [162,
168]. Serotonergic neurons of the raphe nuclei form ex-
tended projections to the cerebral cortex [71, 94, 146] and
the raphe-cortical 5-HT neurons mediate an inhibition in the
cortical neural network [116, 154]. In many cases, forebrain
structures that receive serotonergic innervations from the
raphe nuclei send neuronal inputs back to the midbrain sero-
tonergic nuclei [165]. Morphological evidence has been pre-
sented for the existence of a glutamatergic pathway arising
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from the median prefrontal cortex and projecting to the raphe
nuclei [16]. Furthermore, it has been shown that GABA in-
terneurons in the raphe nuclei are the primary targets for the
cortico-raphe glutamatergic neurons [42] and their stimula-
tion by glutamate release leads to inhibition of 5-HTergic
cells [71, 165]. Serotonergic neurons in the raphe nuclei are
regulated by a number of efferent projections. Thus, affer-
ents to the dorsal raphe nucleus originate from the substantia
nigra [91, 155] or from the hypothalamus [103]. The habe-
nulo-raphe projection represents a major GABAergic inhibi-
tion to the raphe nuclei cells [5, 155, 174]. The habenulo-
raphe pathway also contains excitatory transmitters and the
presence of substance P- and glutamate-containing fibers
was reported. Another neural pathway that projects onto the
raphe serotonergic neurons is noradrenergic and mediates its
effect through postsynaptically located a-adrenoceptors [13,
23, 124]. Noradrenergic projections for the dorsal and me-
dian raphe nuclei arise from the locus coerulus and the lat-
eral tegmental area, respectively [111, 138]. Hopwood and
Stamford [84] have reported that both alpha-1 and alpha-2
adrenoceptors are involved in inhibition of stimulated 5-HT
release from rat dorsal and median raphe nuclei slices.

2. CHARACTERIZATION OF SOMATODENDRITIC
[*H]5-HT RELEASE

2.1. Measurement of [3H]5-HT Release from Raphe Nu-
clei Slices

Midbrain slices containing the raphe nuclei can be pre-
pared from rat brain for determination of somatodendritic
[*H]5-HT release [93]. Slices approximately 350 pm thick
are cut from the dissected tissue using a Mcllwain tissue
chopper (Fig. 1) and are collected in Krebs-bicarbonate buffer.
Brain slices containing the raphe nuclei are then incubated
with [*H]5-HT dissolved in Krebs-bicarbonate buffer for 30
min at 36 °C [9]. At the end of the loading period, the tissues
are transferred into low volume superfusion chambers [90]
and superfused with aerated (95% 0,/5% CO;) and pre-
heated (37 °C) Krebs-bicarbonate buffer by using a peristal-
tic pump. The superfusate is discarded for the first 60-min
period of the experiments then a series of 3-min fractions is
collected by a fraction collector. Biphasic electrical field
stimuli (20 to 40 V voltage, 2 Hz frequency, 2-msec impulse
duration for 2 min) are delivered in fractions 4 and 15 by an
electrostimulator to stimulate the efflux of [3H]5-HT from
superfused raphe nuclei slices. Agonists are added to the
superfusion buffer 9 min and antagonists are added 18 min
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before the 2™ electrical stimulation of the slices and drugs
are maintained throughout the experiment. At the end of the
experiments, the tissues are collected from the superfusion
chambers and solubilized. The radioactivity released from
the tissue and that remained in the tissue is determined by
liquid scintillation spectrometry. In order to determine [*H]
norepinephrine (NE) release, raphe unclei slices were loaded
with [°’H] NE in conditions described above.

When the release of amino acids from raphe nuclei slices
is measured, the slices are incubated with either [* H]glutamate
or [3H]GABA dissolved in aerated Krebs-bicarbonate buffer
at 36 °C for 30 min. For ["H]GABA release, raphe nuclei
slices are loaded in the presence of f-alanine, an inhibitor of
GABA uptake in glial cells, and superfused with a buffer
containing the aminotransferase inhibitor aminooxyacetic
acid and the GABA uptake inhibitor nipecotic acid [76].

2.2. Characterization of [3H]5-HT Release from Raphe
Nuclei Slices

The time course of [*H]5-HT release measured from ra-
phe nuclei slices of the rat is shown in Fig. (2). The efflux of
[*H]5-HT is expressed as Bq/g/3 min fraction or as a frac-
tional rate, i. e. as a percentage of the amount of [*H]5-HT in
the tissue at the time of the release is determined [75]. The
fractional rate of [SH]S-HT efflux obtained for the first (S1)
and second (S2) electrical or KCl-induced stimulations and
the ratio of S2/S1 are calculated to determine the effects of
drugs on [*H]5-HT release. The radioactivity released from
raphe nuclei slices preloaded with [*H]5-HT can be sepa-
rated into [*H]5-HT and [*H]metabolites on Sephadex G-10
resin [142]. Similar experimental procedure can be applied
for ["H]GABA release althou%h the fractional rate of the
release is small compared to ["H]5-HT release [12]. Gluta-
mate stores in axon terminals exhibit fast exhaustion and
release can be elicited only with one electrical stimulation in
contrast to 5-HT and GABA, for these neurotransmitters,
repeated electrical or chemical stimulation could be carried
out [12, 80].

The release of [*H]5-HT determined from raphe nuclei
slices was characterized by the resting and the electrical
stimulation-induced release and they were compared to those
measured from hippocampal slices, an area containing axon
terminal parts of serotonergic neurons. The resting release
was 2.04+0.13 and 2.00+0.05% of content released in 3 min
in the raphe and hippocampal slices, the electrically evoked
release was 4.3240.13 and 5.84+0.22% of content released in

Fig. (1). Preparation of raphe nuclei slice from rat brain. AC, cerebral aqueduct; DR, dorsal raphe; MR, median raphe; PCS, superior cerebel-

lar peduncle. Vertical line indicates direction of brain transection.
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Fig. (2). The time course of [3H]5—HT release measured from raphe
nuclei slices of the rat. Slices containing the raphe nuclei were pre-
pared from rat brain, loaded with [*H]5-HT and superfused with
Krebs-bicarbonate buffer. The slices were stimulated electrically
(20 V, 2 Hz, 2-msec for 2 min in fractions 4(S1) and 15(S2) and the
fractional release of [PH]5-HT (i. e. a percentage of the amount of
[*H]5-HT in the tissue at the time of the release) was calculated by a
computer program. The net fractional release (evoked release minus
resting release) was 3.08% of [3H]5-HT content released for the 1st
stimulation (S1), this value was 2.73% for the ond (S2) stimulations.
The calculated ratio of fractional release S2 over fractional release
S1 (S2/S1) was 0.89. Mean+S.E.M., n=5.

3-min fraction in these brain areas, respectively. Although
the resting and the evoked [*H]5-HT release did not differ in
raphe nuclei and hippocampus the net fractional release
(evoked release minus resting release) was 3.67+0.42 and
7.59+0.42% of content released per stimulus in the central
and peripheral parts of serotonergic neurons. These findings
indicate differences between the size of storage and release
pools for 5-HT in somatodendritic and axon terminal fields.

2.3. Compartmentalization of [FH]5-HT Taken Up into
Raphe Nuclei Slices

Neurotransmitter storage in and efflux from raphe nuclei
tissue can be characterized by compartmental analysis of the
radioactivity taken up during loading period. The pools of
[*H]5-HT vary in their rate constant, turnover rate, and turn-
over time. In slices containing the raphe nuclei, accumulated
[*H]5-HT distributes mainly in two compartments: an efflux
compartment from where release of [’H]5-HT occurs and a
bound fraction (slowly exchanging compartment), which
does not contribute to the efflux [51]. The size of bound frac-
tion is estimated by plotting the rate of [*H]5-HT efflux in
function of radioactivity remaining in the tissue. The desatu-
ration curve obtained in the de Langer-Mulder plot is linear
and the intercept of the regression line with the abscissa es-
timates the size of the bound fraction. Substraction of the
bound fraction from the tissue content of radioactivity, de-
termined at the beginning of superfusion, reveals the efflux
compartment.

Using the de Langer-Mulder plot, the size of the bound
and the efflux compartments was calculated for [*H]5-HT in
the raphe nuclei. This analysis revealed that at about 76.21+
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3.19% of the total amount of [*H]5-HT taken up represent
the efflux compartment and the remaining 23.77+3.19% con-
tribute to the bound fraction. It can also be determined that at
about 39% of radioactivity stored in the efflux compartment
is released during a 66-min superfusion period. Moreover,
compartmental analysis of the radioactivity stores in raphe
tissue also indicates that the efflux compartment consists of
various pools for [’H]5-HT in the raphe nuclei. Desaturation
curve for each compartment can be determined from the de
Langer-Mulder plot and the intercept of the regression line
with the abscissa estimates the size of the pool that partici-
pates in the release. The involvement of different efflux
compartments of [°’H]5-HT in the release process was also
shown as the efflux of [*H]5-HT was plotted in function of
time (Fig. 3). As shown in Fig. (3), the efflux compartment
can be divided into at least three different pools from which
fast and slow efflux of [*’H]5-HT occur in response to elec-
trical stimulation and a third one which represents the source
of resting outflow of [*H]5-HT.

o s

[*H]5-HT release (% of content)

0 T T T T T T T T T T d T T T 1
0 10 20 30

Fractions

Fig. (3). Release of ['H]5-HT from raphe nuclei slices, a compart-
mental analysis. The fractional release of ["H]5-HT was plotted in
function of superfusion time. The efflux of [3H] 5-HT occurs with
different fractional rate constants indicating involvement of more
than one compartment in the release process. Distributional analysis
revealed that the participation of the fast, slow and resting release
occurs from pools representing 16.35+1.48, 28.21+£2.96 and
55.42+4.41% of the efflux compartment, respectively. The slices
were stimulated (S) electrically (20 V, 2 Hz, 2-msec for 2 min) in
fraction 10. For experimental procedure see Fig. (2).

2.4. The Role of 5-HT Transporter in the Somatoden-
dritic [3H]5-HT Release Process

The fact, that 5-HT transporters are operative even in
vitro in superfused tissue, was demonstrated in raphe nuclei
slices superfused with Krebs-bicarbonate buffer containing
selective 5-HT reuptake inhibitors. As shown in Fig. (4A),
fluoxetine increased both resting and electrical stimulation-
induced [*H]5-HT release. This finding indicates that fluoxe-
tine is not only a 5-HT uptake inhibitor but also releases 5-
HT from dendrites or nerve terminals. In contrast, the 5-HT
uptake inhibitor citalopram [81] failed to induce any poten-
tiation on resting or electrically evoked [*H]5-HT release in
superfused raphe nuclei slices, indicating uptake inhibitory
but not release properties of this compound (Fig. 4B).
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Fig. (4). Effect of selective serotonin reuptake inhibitors on resting and electrically stimulated [3H]5—HT release in raphe nuclei slices of the
rat. Fluoxetine (A) and citalopram (B) were added in 10 and 30 pM concentrations from fraction 9 and maintained through the experiments.
The slices were stimulated electrically (20 V, 2 Hz, 2-msec for 2 min) in fraction 24. The mean of the release in fractions 1, 2 and 3 was
taken as 100%. For experimental procedure see Fig. 2. Mean+S.E.M., n=3.

Interaction between neuronal transporters and presynap-
tic release-mediating autoreceptors was already reported [99,
122]. 5-HT uptake inhibitors have been shown to antagonize
the inhibitory effect of LSD on the electrically evoked over-
flow of [*H]5-HT from rat hypothalamic slices [65]. Moreo-
ver, 5-HT 4 autoreceptors are desensitized in the dorsal ra-
phe nucleus of knockout mice lacking the 5-HT transporter
[21]. Such interaction between autoreceptor and transporter
may have importance in the mechanism on how L-deprenyl
desensitizes 5-HT;p receptors [77]. The close functional
connection between neurotransmitter transporters and pre-
synaptic autoreceptors is supported by the findings that re-
peated administration of 5-HT reuptake blockers alters sensi-
tivity of release-mediating 5-HT,; receptor subtypes in the
somatodendritic area as well as in the axon terminals [17,
126]. In the dorsal raphe nucleus of the rat, the 5-HT 4 re-
ceptor partial agonist pindolol attenuated the inhibitory ef-
fect of fluoxetine on 5-HT cell firing [130]. Another piece of
evidence for receptor-transporter functional interaction is
shown by our finding that the 5-HT,a/;c antagonist deramci-
clane potentiates the 5-HT uptake inhibitory effect of fluoxe-
tine in raphe nuclei slices (unpublished observation). This
finding is in line of previous suggestions that 5-HT, receptor
antagonists may augment 5-HT uptake inhibitory properties
of certain compounds [36].

3. 5-HT RECEPTOR-MEDIATED 5-HT RELEASE IN
RAPHE NUCLEI SLICES

3.1. 5-HT; Receptor-Mediated 5-HT Release in the Raphe
Nuclei: Feedback Inhibition

The somatodendritic 5-HT; receptors have multifunc-
tional roles since they are involved in the regulation of 5-HT
release and synthesis as well as in the regulation of neuronal
impulse generation and firing activity [7, 9, 49, 83]. Raphe
nuclei possess at least two autoreceptor mechanisms that
control 5-HT release: one directly mediated by 5-HTip
and/or 5-HTp receptors and the other one indirectly medi-
ated by 5-HT autoreceptors that also modulate neural firing
rate [15]. The release inhibitory 5-HT;p receptors are situ-
ated on recurrent axon collaterals and axon terminals within

the raphe nuclei [4, 49, 55, 56], these receptors exert small
effect on the firing of these neurons [136]. Apart, 5-HTp
autoreceptors, inhibition of 5-HTp receptor-mediated 5-HT
releases in the raphe nuclei is also independent from regula-
tion of neuronal firing [47]. 5-HT,p receptors are autorecep-
tors in the raphe nuclei and may control larger somatoden-
dritic 5-HT release [150]. Moreover, changes in 5-HT neu-
ronal firing activity are the consequence of 5-HT 5 receptor
activation and firing-dependent control of 5-HT release oc-
curs in the cell body level mediated by 5-HT receptors
[83]. The release-inhibitory 5-HT;A receptors are located on
the somatodendritic part of 5-HT neurons and control the
bulky, possibly non-synaptic release of S-HT [115, 117]. It
has been suggested that the multiple 5-HT; receptor-
mediated mechanisms, that control 5-HT function in the ra-
phe nuclei, open new therapeutic possibilities for psychiatric
disorders [151]. Using midbrain slice preparations contain-
ing raphe nuclei, it was possible to demonstrate the inhibi-
tory effects of various 5-HT, receptor subtypes on 5-HT re-
lease in vitro [9].

3.1.1. Effects of Agonists

The 5-HT 4 receptor agonist 8-OH-DPAT [109] inhibited
the electrical stimulation-induced [*H]5-HT release from
midbrain raphe slices of rats and this inhibition proved to be
concentration dependent (Fig. 5). 8-OH-DPAT did not affect
the spontaneous release of ["H]5-HT. In contrast to its effect
on raphe nuclei tissue, 8-OH-DPAT failed to alter the elec-
trical stimulation-induced [*H]5-HT release from superfused
hippocampal slice preparations, a brain area containing sero-
tonergic axon terminals (Table 1). Our results are further
indication that the somatodendritic 5-HT autoreceptors in the
raphe nuclei belong to 5-HT;, receptor subtypes [167],
whereas 5-HT) 4 receptors present in the hippocampus do not
serve as release-regulating presynaptic homologous autore-
ceptors.

The 5-HTp receptor agonist CGS-12066 [113, 144] also
inhibited electrically stimulated [’H]5-HT release in raphe
nuclei slices (Fig. 5). Besides raphe nuclei slices, ["’H]5-HT
release from hippocampal slices was also inhibited by CGS-
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Fig. (5). Effects of 8-OH-DPAT, CGS-12066 and 5-CT on electri-
cal stimulation-induced [*H]5-HT release from raphe nuclei slices.
The calculated ICsy values to inhibit [3H]5—HT release were 0.01,
0.28, and 0.58 pM for 5-CT, 8-OH-DPAT, and CGS-12066, respec-
tively. For experimental procedure see Fig. (2). Drugs were added
to the tissue from fraction 10 and maintained through the experi-
ment. Electrical stimulation-induced [3H]5—HT release expressed as
S2/S1 that was taken as 100% was 0.92+0.06. Mean£S.E.M., n=5.

12066 (Table 1) further supporting the view that the release-
mediating 5-HT receptors located at the nerve endings be-
long to 5-HT)p receptor subtype [110]. These data also con-
firm that 5-HT;, and 5-HT;p receptors are present in the
raphe nuclei and control somatodendritic as well as axon
terminal release of 5-HT. It is not clear where these receptors
are situated on serotonergic neurons although the location of
5-HT, A receptors on the somatodendritic part and the loca-
tion of 5-HT g/ p receptors on recurrent axon collaterals have
been suggested [49] and thus these might be the sites for the
action of 8-OH-DPAT and CGS-12066, respectively.

5-Carboxamidotryptamine (5-CT), which has an agonist
effect on 5-HT,; receptor subtypes [32, 72, 171] and 5-HT;
receptors [33, 85], also inhibited the electrically evoked
[*H]5-HT release (Fig. 5) without influencing the resting
[*H]5-HT outflow from raphe nuclei slices of the rat. This
effect of 5-CT can be seen in both the somatodendritic and
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the axon terminal fields of raphe 5-HT neurons (Table 1).
The calculated ICsy value for 5-CT, concentration that in-
duced 50% decrease in [3H]5-HT overflow in raphe nuclei
slices, was 3.34+0.37 nM and the rank order of [’H]5-HT
release inhibition in raphe nuclei slices was found to be 5-CT
> 8-OH-DPAT > CGS-12066 [80].

3.1.2. Effects of Antagonists

The 5-HT;, receptor antagonists (-)WAY-100135 [44]
and WAY-100635 [60] did not affect the [’H]5-HT release
on their own right (Table 2). The 5-HT,g/1p receptor antago-
nist SB-216641 [128. 143] increased clectrical stimulation
induced [*H]5-HT release per se in superfused raphe nuclei
slices. It has been reported that the non-selective 5-HT;p
receptor antagonist methiothepine and the selective 5-HTp
receptor antagonist GR127935 also increased ['H]5-HT re-
lease by themselves in guinea-pig cerebral cortex slices
[131].

The inhibitory effect of 8-OH-DPAT on [*H]5-HT re-
lease from [*H]5-HT-preloaded raphe nuclei slices was also
measured in the presence of (+)WAY-100135. Fig. (6) shows
that (+)WAY-100135 dose-dependently antagonized the
inhibitory effect of 8-OH-DPAT on [*H]5-HT release in ra-
phe nuclei slices. WAY-100635 only slightly influenced the
inhibitory effect of 5-CT on [*H]5-HT overflow and the ap-
parent pA, value for WAY-100635 against 5-CT was 4.99
(Fig. 7). SB-216641, a selective 5-HT;p receptor antagonist
with approximately 25-fold selectivity over 5-HT,p receptors
[128], also produced a concentration-dependent rightward
shift of the concentration-inhibition curve of 5-CT on [*H]5-
HT release with no alterations in the maximal 5-CT response
(Fig. 7). The calculated apparent pA, value for SB-216641
on 5-CT-induced inhibition of ['H]5-HT overflow was 7.12.
This finding is in accord of the general view that 5-HT)g and
5-HTp receptors are inhibitory autoreceptors in the 5-HT-
containing raphe nuclei neurons [150] although different
regulatory role of the two receptor subtypes was suggested
[153].

3.1.3. Mode of Action: the Role of K'-Channels

The voltage-sensitive K'-channel blocker 4-aminopyridine
(4-AP) [136] increased electrical stimulation-induced [*H]5-
HT release from raphe nuclei slices of rat, the effect of 4-AP

Table 1. Effects of Various 5-HT Receptor Agonists on Electrical Stimulation-Induced [*H]5-HT Release from Raphe Nuclei and

Hippocampal Slices of the Rat

. [PH]|5-HT release (S2/S1)
Compounds Receptor Concentration
(nM) Raphe nuclei Hippocampus
Control 0.96+0.06 1.06+0.14
8-OH-DPAT 5-HTia 1 0.39+0.07* 0.91+0.07
CGS-12066 5-HTip/1p 1 0.61+0.08* 0.53£0.09*
5-CT 5-HT,A/5-HT; 0.1 0.26+0.06* 0.23£0.02*

Hippocampal or raphe nuclei slices were prepared from rat brain, loaded with [*H]5-HT and superfused with Krebs-bicarbonate buffer. The slices were stimulated electrically (20 V,
2 Hz, 2-msec for 2 min) in fractions 4(S1) and 15(S2). The fractional release of [*H]5-HT for S1 and S2 and the S2/S1 ratio were calculated. Drugs were added to the tissue from
fraction 10. ANOVA and Dunnett's test, *P<0.05, mean+S.E.M., n=3-5.
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Table 2. Effects of Various S-HT Receptor Antagonists on Electrical Stimulation-Induced [PH]5-HT Release from Raphe Nuclei

Slices of the Rat

Compounds Receptor Concentration [*H]5-HT release
(nM) (S2/81)

Control - - 0.80+0.02
(H)WAY-100135 5-HT s 1 1.08+0.04
WAY-100635 5-HTa 10 0.90+0.06
NAN-190 5-HT 10 1.02+0.08
SB-216641 5-HTp1p 1 1.11+0.09*
Ondansetron 5-HT; 1 0.95+0.07
SB-271046 5-HTs 10 0.98+0.03
SB-258719 5-HT, 10 0.86+0.10

Raphe nuclei slices were loaded with [*H]5-HT, superfused, and stimulated electrically (20 V, 2 Hz, 2-msec for 2 min) in fractions 4(S1) and 15(S2) and the release of [*H]5-HT was
expressed by the S2/S1 ratio. Drugs were added to the tissue from fraction 9. ANOVA and Dunnett's test, *P<0.05, mean+S.E.M, n=3-8.

was concentration dependent [9]. This finding indicates that
4-AP-sensitive K'-channels are involved not only in axon
terminal transmitter release [70, 87] but also in that which
originates from the somatodendritic areas of 5-HT-con-
taining cells. In contrast, neither glibenclamide nor tolbu-
tamide, drugs blocking ATP-dependent K™ channels [45],
affected the electrical stimulation-induced [*H]5-HT release
in isolated rat raphe nuclei slices (Table 3), suggesting that
the ATP-sensitive K™ channels are apparently not involved in
the regulation of somatodendritic [*H]5-HT release.
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Fig. (6). WAY-100635 antagonized the inhibitory effect of §-OH-
DPAT on [*H]5-HT release but it was ineffective on CGS-12066-
induced inhibition in raphe nuclei slices of the rat. For experimental
procedure see Fig. (2). 8-OH-DPAT (1 pM) and CGS-12066 (1
uM) were added 9 min and WAY-100135 (1 uM) was added 18
min before S2 and maintained through the experiment. ANOVA
and Dunnett's test, *P<0.05, mean+S.E.M., n=3-4.

When 8-OH-DPAT or CGS-12066 was combined with
different K* channel blockers, the inhibitory effect of 8-OH-
DPAT on [*H]5-HT release was abolished in the presence of
4-AP, whereas this effect of CGS-12066 was not influenced
by the K channel blocker (Table 3). Glibenclamide, on the
other hand, failed to affect the inhibitory effect of either 8-

OH-DPAT or CGS-12066 on [*H]5-HT release in raphe nu-
clei slices. This finding suggests that stimulation by 8-OH-
DPAT of somatodendritic 5-HT, autoreceptors opens volt-
age-sensitive K channels in serotonergic neurons and the
consequent hyperpolarization of the somatodendritic mem-
brane may then cause a decreased [PH]5-HT release [9]. It is
possible, however, that stimulation of 5-HT;4 and 5-HTp
receptors leads to opening of different K'-channels as on the
contrary to 5-HT,, receptors, the voltage-sensitive K' chan-
nels did not interfere with 5-HT,p receptor-mediated 5-HT
release inhibition. In contrast to 4-AP, the ATP-sensitive K"
channel inhibitor glibenclamide did not modify either 8-OH-
DPAT- or CGS-12066A-induced inhibition of [3H]5—HT
release from raphe nuclei slices. Thus, the ATP-sensitive K"
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Fig. (7). Effects of WAY-100635 (10 uM) and SB-216641 (1 uM)
on 5-CT-induced inhibition of [H]5-HT release in raphe nuclei
slices of the rat. The ICs, value of 5-CT to inhibit [3H]5—HT over-
flow was 3.344+0.37 nM, it was 6.65+0.56 and 47.81+4.66 nM in the
presence of WAY-100635 and SB-216641, respectively. For ex-
perimental procedure see Fig. (5). 5-CT was added 9 min and the 5-
HT receptor antagonists were added 18 min before S2. Mean+S.E.M.,
n=3-4. (Figure taken from Ref. 80).
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Table3. Effects of Various K'-Channel Inhibitors on 5-HT, Receptor Agonists-Induced [FH|5-HT Release from Raphe Nuclei
Slices of the Rat
Concentration ['HI5-HT release (S2/S1)
Compounds M
(M) Control 8-OH-DPAT CGS-12066
None - 0.99+0.06 0.42+0.04* 0.50+0.06*
4-Aminopyridine 50 1.91£0.33 2.19+£0.26 0.87+0.16*
Glibenclamide 10 1.304+0.04 0.75+0.08* 0.43+0.09*
Tolbutamide 100 1.11+0.08 0.63+0.11* -

Raphe nuclei slices were loaded with ["H]5-HT, superfused, and stimulated electrically (20 V, 2 Hz, 2-msec for 2 min) in fractions 4(S1) and 15(S2) and the release of [*’H]5-HT was
expressed by the S2/S1 ratio. Drugs were added to the tissue from fraction 9. 8-OH-DPAT and CGS-12066 were added in a concentration of 1 pM. ANOVA and Dunnett's test,

*P<0.05, mean+S.E.M., n=3-8.

channels are probably not involved in the 5-HT;5 and 5-
HT,p receptor-mediated autoinhibition of somatodendritic 5-
HT release [9].

3.1.4. The Role of Ca’* Channels

It is generally accepted that the neurotransmltter release
originated from vesicles is an external Ca’ “_dependent proc-
ess, whereas efflux from the cytoplasm is not subjected to
intracellular Ca*" concentrations. The importance of Ca®" in
the regulation of somatodendritic 5-HT release was shown
by the fact that omission of Ca*" from the superfusion buffer
completely blocked the electrical stimulation-induced [*H]5-
HT release whereas the resting outflow was not affected
[11]. This finding also indicates that somatodendritic [*H]5-
HT release in the raphe nuclei could be of vesicular origin.

Since autoreceptor-mediated feedback inhibition of neu-
rotransmitter release originates from the vesicular stores but
not from the cytoplasm [169] we have speculated that Ca®"
availability may be a key factor for autoregulation of soma-
todendritic 5- HT release. The actual state of N-type somato-
dendritic Ca®’-channels substantially regulates neurotrans-
mitter release process: closing of Voltage sensitive Ca®"
channels will lead to decrease of [Ca]i re%ulred for vesicu-
lar 5-HT release whereas opening of Ca™ channels may
increase [Ca®']i which then makes exocytotic release of 5-
HT possible. It was reported that 5-HT4 recegtor stimula-
tion results in reduction of high threshold Ca™" current in
current clamp studies of acutely isolated raphe neurons
[123]. Accordingly, membrane hyperpolarization that occurs
after 5-HT,, receptor stimulation and K'-channel opening
may be accompanied by closing voltage sensitive Ca®" chan-
nel. Thus, both opening of K'-channels and closing Ca**-
channels may be involved in development of 5-HT;, autore-
ceptor-mediated feedback inhibition of [*H]5-HT release in
raphe nuclei slices [78].

3.2. 5-HT; Receptor-Mediated 5-HT Release in the Raphe
Nuclei

The involvement of 5-HT, receptors in the regulation of
neuronal circuitry in the raphe nuclei was evidenced by re-
cent electrophysiological experiments [101, 147]. DOI, a 5-
HT, receptor agonist, inhibits cell firing in dorsal raphe nu-
cleus mediated predominantly by 5-HT,s receptor subtype

although 5-HT,p/c may also be involved [36]. 5-HT, receptor
antagonists alone had no effect on 5-HT cell firing rate, sug-
gesting that the 5-HT), receptor feedback system is probably
not tonically active. 5-HT, receptors can be activated under
conditions when biophase concentration of 5-HT is elevated
by selective 5-HT reuptake inhibitors. Although cellular ex-
pression of 5-HT, receptors in the raphe nuclei is not clear,
the presence of 5-HT, receptor mRNA in this region was
demonstrated [177]. Presynaptic interaction may also exist
between 5-HT;5 and 5-HT, receptor functions in the raphe
nuclei and 5-HT, receptor activation which facilitates pre-
synaptic 5-HT, receptor function [94]. Moreover, after re-
peated administration of the 5-HT, receptor agonist DOI, 5-
HT, receptors are down regulated and somatodendritic 5-
HT\4 receptor inhibition on 5-HT neuronal firing is attenu-
ated [94].

Others believe that 5-HT, receptors are probably not lo-
cated presynaptically on serotonergic neurons [36, 46]. 5-
HT, receptors may be present postsynaptically on GABA
interneurons in the dorsal raphe nucleus. This conclusion
was supported by the observation that 5-HT induces an in-
crease in the frequency of inhibitory postsynaptic current of
5-HT cells by exciting GABAergic interneurons via 5-
HT,apnc receptors [101]. 5-HT,a/c receptors located on GABA
interneurons within the dorsal raphe nucleus mediate a local
inhibitory feedback onto adjacent 5-HT neurons [101]. 5-HT,
receptors located on cortico-raphe glutamatergic neurons
may regulate GABA cell activity by trans-synaptic mecha-
nisms in the raphe nuclei [106]. It was, however, also sug-
gested that 5-HT,,c might be present on glutamatergic axon
terminals in the raphe nuclei [12]. Moreover, it was shown
that cortical 5-HT, receptors exert stimulation of neural cir-
cuitry of the raphe nuclei by increasing glutamate release [6].

The activation state of postsynaptic 5-HT, depends on
biophase concentration of 5-HT. Thus, stimulation of soma-
todendritic 5-HT, 4 receptors decreases extracellular concen-
trations of 5-HT, which may then lead to an attenuated 5-
HT, receptor-mediated effect in the raphe nuclei. The role of
postsynaptic 5-HT, receptors in the local regulation of raphe
circuitry was suggested by our findings that the 5-HT, recep-
tor agonists DOI and mCPP stimulated [*H]glutamate release
(Table 4). This stimulation was however, not associated with
influences of 5-HT release, suggesting that the 5-HT, recep-
tor-mediated serotonergic-glutamatergic neural interactions
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Table4. Effect of 5S-HT, Receptor Ligands on Electrical Stimulation-Induced on [3H]5—HT and [3H]Glutamate Release in Raphe

Nuclei Slices of the Rat

Concentration [HI5-HT H]Glutamate
Compounds M
(uM) release

(S2/81) (% of content)
Control - 0.92+0.06 4.5940.46
DOI 1 0.9140.05 7.76+1.20*
mCPP 1 0.84+0.02 6.57+0.48*

Ketanserin 10 0.94+0.10 -

Raphe nuclei slices were loaded with [’H]5-HT or [*H]glutamate, superfused, and stimulated electrically (20 V, 2 Hz, 2-msec for 2 min) in fractions 4(S1) and 15(S2) and the release
of [*H]5-HT was expressed by the S2/S1 ratio. [*H]Glutamate release was stimulated electrically (20 V, 20 Hz, 2-msec, for 3 min) in fraction 10 and the release was expressed as per
cent of content released per stimulus. Drugs were added from fraction 7. DOI: 2,3-dimethoxy-4-iodoamphetamine, mCPP: meta-chlorophenylpiperazine. ANOVA and Dunnett's test,

*P<0.05, mean+S.E.M, n=3-8.

are not part of the reciprocal innervations shown between
these two neurotransmitter systems [79].

3.3.5-HT; Receptor-Mediated S5-HT Release in the Raphe
Nuclei: Feedback Stimulation

Although different 5-HT; receptor subtypes mediate
autoinhibition of 5-HT release in a number of brain areas,
feedback stimulation of 5-HT release by 5-HT; receptors has
also been reported [107]. Moreover, it has been proposed
that inhibitory 5-HT)p autoreceptors and facilitatory 5-HTj;
autoreceptors may interact in the release-regulating process
in the same serotonergic axon terminals even in raphe tissue
[10, 107]. Other study concluded that 5-HT; receptors in the
hypothalamus influence 5-HT release as heteroreceptors [30].
Besides hypothalamus, it has been shown that 5-HT; recep-
tor stimulation also evokes increase in electrically induced 5-
HT release from guinea-pig cerebral cortex or hippocampus,
brain areas containing serotonergic axon terminals [29, 66].
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3.3.1. Effects of Agonist

The 5-HT; receptor agonist 2-methyl-5-HT increased
resting [*H]5-HT release from raphe nuclei slices of the rat
preloaded with [3H]5-HT with an ECsy value of 5.3 pmol/l
(Fig. 8A). The facilitatory effect of 2-methyl-5-HT on basal
[’H]5-HT release was shown not only in the raphe nuclei but
also in the hippocampus, brain regions that contain the cen-
tral and peripheral parts of serotonergic neurons, respec-
tively. The calculated ECsy value for 2-methyl-5-HT to in-
crease [*H]5-HT release from hippocampal slices was 1.15
umol/l. 2-Methyl-5-HT was able to enhance not only the
resting ["H]5-HT outflow from preloaded slice preparations
[29] but also the basal efflux of [*H]dopamine in striatal
slices [22, 145]. The latter effect was explained by reverse-
mode operation of dopamine transporter.

2-Methyl-5-HT also increased the electrically evoked
[*H]5-HT release from rat raphe nuclei slices preloaded with
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Fig. (8). The stimulatory effect of 2-methyl-5-HT (0.1 to 10 pmol/L) on (A) resting and (B) electrically stimulated [3H]5-HT release from
raphe nuclei slices. Slices containing the raphe nuclei were prepared from rat brain, loaded with [*H]5-HT and superfused with Krebs-
bicarbonate buffer. Fractional outflow of [3H]5—HT was measured in fractions 3(B1) and 14(B2) and was expressed as B2/B1. The slices
were stimulated electrically (40 V, 2 Hz, 2-msec for 2 min) in fractions 4(S1) and 15(S2) and the ratio of the release for S2 and S1 (S2/S1)
was calculated. 2-Methyl-5-HT was added from fraction 12 and ondansetron (1 umol/l) was added from fraction 8 and the drugs were main-
tained for the rest of the experiment. Ondansetron did not antagonize the stimulatory effect of 2-methyl-5-HT on resting [°H]5-HT release
whereas the effects of 2-methyl-5-HT on electrically stimulated [3H]5—HT overflow was reversed by ondansetron. ANOVA and Dunnett's
test, *P<0.05, mean+S.E.M., n=3-4.
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[*H]5-HT (Fig. 8B). We found that about one magnitude
lower concentration of 2-methyl-5-HT elicited an increase in
depolarization-induced 5-HT release than that was required
for elevation of the resting release. The calculated ECs, val-
ues of 2-methyl-5-HT to induce 50% increase in [*H]5-HT
overflow above the control were 0.56 and 0.25 pmol/l in
raphe nuclei slices and hippocampal slices, respectively.
Galzin and coworkers [66] found that 2-methyl-5-HT was
capable of increasing depolarization -induced [*H]5-HT re-
lease in guinea-pig cerebral cortex already in concentrations,
which were ineffective in alteration of basal outflow. These
data present evidence for the existence of 5-HT; receptors in
the rat raphe nuclei: these receptors stimulate the release of
5-HT from the somatodendritic part of serotonergic projec-
tion neurons. The in vitro stimulatory effect of 2-methyl-5-
HT on electrically induced 5-HT release observed in our
experiments may be consonant with previous in vivo find-
ings: Martin and coworkers [107] reported that 2-methyl-5-
HT increases 5-HT release from hippocampus and the 5-HT;
receptor antagonist MDL 72222 antagonized this effect.

3.3.2. Effect of Antagonists

The competitive 5-HT; receptor antagonist ondansetron
when added alone, did not influence the electrical stimula-
tion-induced [3H]5-HT release (Table 2). The lack of effect
of ondansetron on 5-HT release indicated that there was no
endogenous 5-HT tone at 5-HT; receptors in raphe nuclei
slice preparation. The ineffectiveness of 5-HT; receptor an-
tagonists on ["H]5-HT release may also be explained by an
extrasynaptic location of 5-HTj; receptors and because of this
location, endogenous 5-HT may reach only low concentra-
tions at the vicinity of these receptors. This assumption was
supported by increasing frequency of stimulation from 2 Hz
to 10 Hz: indeed at higher frequency, ondansetron reduced
[*H]5-HT release in raphe nuclei slices [11].

Ondansetron was not able to antagonize the stimulatory
effect of 2-methyl-5-HT on resting [*H]5-HT outflow in ra-
phe nuclei slices (Fig. 8A). The lack of antagonistic effect of
ondansetron on 2-methyl-5-HT-induced resting [*H]5-HT
release suggests that this effect is not a receptor-mediated
event. On the contrary, ondansetron reversed the stimulatory
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effect of 2-methyl-5-HT on electrical stimulation-induced
[*H]5-HT release (Fig. 8B) and the calculated pA, value for
ondansetron was 6.51. The fact, that the stimulatory effect of
2-methyl-5-HT on depolarization-induced but not on sponta-
neous [*H]5-HT release was antagonized by ondansetron,
suggests the involvement of 5-HT; receptors in the facilita-
tory effect of 2-methyl-5-HT on depolarization-induced 5-
HT release.

3.3.3. Mode of Action

Although 2-methyl-5-HT increased both the spontaneous
and depolarization-induced release of [*H]5-HT from super-
fused raphe nuclei slices, the mechanisms, whereby the en-
hanced release occurs may be different. The increased out-
flow of [*’H]5-HT in resting conditions is probably due to an
exchange diffusion, whereas the increase in electrical stimu-
lation-induced release is likely to be the result of mobiliza-
tion of 5-HT stored in vesicles. This conclusion was sup-
ported by the observation that the activity of 2-methyl-5-HT
in enhancing resting [’H]5-HT release did not require the
addition of external Ca”" into the superfusion medium. Omis-
sion of Ca®" from the superfusion buffer, which completely
blocked the electrical stimulation-induced [3H]5-HT release,
failed to alter the stimulatory effect of 2-methyl-5-HT on
basal [’H]5-HT efflux (Table 5).

Other experiments also suggest the involvement of 5-HT
transporter in the effect of 2-methyl-5-HT on basal [*H]5-HT
outflow. Thus, the 5-HT uptake inhibitor fluoxetine com-
pletely blocked the stimulatory effect of 2-methyl-5-HT on
basal [*H]5-HT efflux (Table 5). 2-Methyl-5-HT may be a
substrate for the 5-HT transporter promoting exchange diffu-
sion by reversal of the carrier that transports S-HT from the
extracellular space into the cytoplasmic storage sites. It is
less possible that 2-methyl-5-HT acts as blocker of 5-HT
transporter and increases outflow of radioactivity by prevent-
ing uptake of released 5-HT. 2-Methyl-5-HT-altered 5-HT
outflow was also blocked by the 5-HT uptake blocker par-
oxetine in guinea-pig hypothalamic slices [29]. The effect of
2-methyl-5-HT on ["H]5-HT release was further investigated
in raphe nuclei slices dissected from reserpine-pretreated
rats. Reserpine pretreatment, which induces redistribution of
[*H]5-HT from the vesicular pool to the favor of cytoplasmic

Table5. Effect of 2-methyl-5-HT on Resting [*H]5-HT Release in Raphe Nuclei Slices of Rat in Various Experimental Conditions
Resting [*'H]5-HT release
Conditions Control group 2-Methyl-5-HT treatment
(Percent of content per 3 min)
Control 0.75+0.01 1.93+0.05
Ca’'-free 0.99+0.17 1.57+0.27
Fluoxetine 1.25+0.13 1.10+0.08*
Reserpine 1.79+0.63* 3.07+0.49*

Raphe nuclei slices from the rat were incubated with [*’H]5-HT and superfused. 2-Methyl-5-HT (10 umol/l) was added to the tissue in fraction 11 and maintained through the rest of
the experiment. Basal [*H]5-HT outflow was measured in fraction 3 (control group) and in fraction 14 (2-methyl-5-HT-treated group). Ca*-free buffer with 1 mmol/l EGTA and
fluoxetine (1 pmol/l) were introduced at the beginning of the superfusion. Reserpine (5 mg/kg ip) was injected 18 hours before the experiments. ANOVA followed by the Dunnett's

test, ¥P<0.05, mean+S.D., n=4.
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compartments, did not alter the effect of 2-methyl-5-HT on
[*H]5-HT release (Table 5).

The presented data suggest that receptor-coupled ion
channels as well as voltage-sensitive Ca®" channels may be
involved in the 5-HT; receptor-mediated 5-HT release. When
5-HTj; receptor is activated, the receptor-linked ion channel
permeable to Na*, K* and Ca*" opens up and Na” influx will
lead to local membrane depolarization [52, 178]. The conse-
quent increase in [Na']i concentrations will result in opera-
tion of 5-HT transporters in reverse mode and 5-HT outflow
from the cytoplasmic pool to the synaptic cleft will occur. In
addition, membrane depolarization evokes opening of volt-
age-sensitive Ca?’ channels and the elevated Ca®" influx will
lead to exocytotic release of 5S-HT from the vesicular pool. In
fact, we have found that 2-methyl-5-HT increases both rest-
ing and electrical stimulation-induced [*H]5-HT release from
raphe nuclei slices, releases that originate from cytoplasmic
and vesicular transmitter pools, respectively [11].

3.4. 5-HT; Receptor-Mediated 5-HT Release in Raphe
Nuclei

5-HT; receptors are novelly discovered member of 5-HT
receptors [164], which is positively coupled to adenylyl cy-
clase through Gs protein [14]. Although no selective agonist
for 5-HT; receptors is yet available, 5-carboxamidotryptamine
(5-CT) and 5-methoxytryptamine express high affinity and
8-OH-DPAT binds with moderate affinity to 5-HT; receptors
[14, 86, 135]. SB-258719, SB-258741, and SB-269970 were
the first selective 5-HT; receptor antagonists [61, 69, 102],
which were recently introduced as research tools. The identi-
fication of 5-HT; receptor mRNA in the raphe nuclei and of
5-HT; receptor protein in serotonergic cell bodies and axon
terminal fields raised the possibility that these receptors op-
erateas 5-HT release-mediating autoreceptors [67, 135, 161].
5-HT; receptors, however, may exert inhibition on [3H]5-HT
release indirectly in raphe nuclei serving as heteroreceptors
rather than autoreceptors in release inhibition and in fact,
observations that exclude the autoreceptor function of 5-HT;
receptors have also been reported [132].

3.4.1. Effect of Agonist

The non-selective 5-HT receptor agonist 5-CT did not
influence the resting [*H]5-HT release from raphe nuclei
slices of the rat. However, 5-CT inhibited the electrically
evoked [3H]5-HT release in a concentration-dependent man-
ner (Fig. 9). 5-CT has nanomolar affinity for 5-HT; receptors
[33, 85], it also binds to 5-HT;a, 5-HT;p and 5-HT)p recep-
tors although with lower affinities [32, 72, 171]. In addition,
5-CT also expresses affinity for 5-HTs receptors [57]
whereas it is less potent at 5-HT, receptors [38]. Boess and
Martin [33] have reported that the affinity of 5-CT for 5-HT4
receptors is approximatively 200-fold lower than for 5-HT,
receptors. These findings suggest that 5-CT inhibits [*H] 5-
HT release in slices of the rat raphe nuclei and multiple 5-HT
receptors may be involved in this effect. Besides 5-CT, the
highly specific 5-HT receptor agonist 8-OH-DPAT [109]
also has affinity for the 5-HT; receptors although its agonist
potency is less with about two magnitudes than that of 5-CT
[85, 160]. We have shown previously that the estimated 1Csg
value of 8-OH-DPAT to inhibit [*’H]5-HT release was 280
nM (Fig. 5).
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Fig. (9). Effect of SB-258719 (10 uM) on 5-CT-induced inhibition
of [3H]5—HT release in raphe nuclei slices of the rat. The ICs, value
of 5-CT to inhibit [3H]5-HT release was 3.34+£0.37 nM and it was
94.2344.84 nM in the presence of 10 uM SB-258719. 5-CT was
added 9 min and the 5-HT; receptor antagonist was added 18 min
before S2. Mean+S.E.M., n=3-4.

3.4.2. Effect of Antagonist

The selective 5-HT; receptor antagonist SB-258719 [61]
did not influence electrical stimulation-induced [*H]5-HT
release from raphe nuclei slices and the 5-HTg receptor an-
tagonist SB-271046 also failed to modify the transmitter
outflow (Table 2). Furthermore, SB-258719 did not stimu-
late basal or electrical stimulation-induced [*H]5-HT release
on its own but produced an antagonism of 5-CT response
(Fig. 9). SB-258719 produced a concentration-dependent
rightward shift of the concentration-["H]5-HT release inhibi-
tion curve of 5-CT with no significant alteration in the
maximal 5-CT response. Schild analysis for SB-258719 gave
a pA, of 6.43. This value is lower than the pKp and pKi val-
ues of SB-258719 in 5-CT-stimulated adenylate cyclase as-
say or in ["H]5-CT binding experiments [160]. Although the
reason of this discrepancy is not clear it should bear in mind
the complexity of brain slices as compared with cells or
membrane preparations as well as the physico-chemical
characteristics of compounds which determines diffusion of
a compound into brain slices.

3.4.3. Mode of Action

[’H]5-CT does not selectively label 5-HT; receptors in
native tissues and it has therefore been necessary to include
selective blocking compounds to prevent labeling of non-5-
HT; binding sites [39, 156, 161, 172]. We have measured
raphe [*H]5-HT release in the presence of various 5-HT),
receptor antagonists in order to prevent stimulation of non-5-
HT; receptors by 5-CT. The combination of WAY-100635
with SB-216641 resulted in an additive inhibition in [*H]5-
HT release further pointing out the role of 5-HT,; receptor
subtypes in mediation of 5-CT-induced 5-HT release inhibi-
tion [80]. In addition, SB-258719 induced a further right-
ward shift of the [?H]5-HT release inhibition curve of 5-CT
determined in the presence of SB-216641. The fact, that SB-
216641 and SB-258719 both antagonized the 5-CT-induced
[*H]5-HT release inhibition and their effects were additive in
nature, indicates that 5-HTp;p and 5-HT; receptors are
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probably independently involved in the regulation of the 5-
HT release in the raphe nuclei. These findings confirm that
more than one types of 5-HT receptors participate in the 5-
CT-induced inhibition of [*H]5-HT release, i.e. 5-HT; as
well as 5-HT, receptor subtypes possess regulatory role in
the release process. It is possible that various 5-HT receptors
synergistically act to finely control 5-HT release: 5-HTg/ip
receptors may be under tonic influence of 5-HT released,
whereas 5-HT s and 5-HT; receptors may influence 5-HT
release with a more phasic mode. 5-HT receptors involved in
regulation of 5-HT release are located differently as 5-
HTg/1p receptors may be expressed on recurrent axon collat-
erals or axon terminals and 5-HT;, receptors are probably
located in the somatodendritic area. Since 5-HT is concen-
trated into different neuronal pools it is possible that 5-HT,
and 5-HT; receptor subtypes regulate 5-HT release origi-
nated from different stores of the same neurons or from dif-
ferent neurons. Experiments carried out with tetrodotoxin
(TTX) suggest that 5-HT; receptors may not serve as autore-
ceptors but rather have heteroreceptor functions in the raphe
nuclei.

4. HETERORECEPTOR-MEDIATED NEUROTRANS-
MITTER RELEASE IN THE RAPHE NUCLEI

4.1. Reciprocal Innervation Between Serotonergic and
Glutamatergic Neurons

To determine whether 5-HT; receptors serve as auto- or
heteroreceptors in the regulation of 5-HT release in the raphe
nuclei, the effect of 5-CT on [*H]5-HT release was measured
in the presence and absence of the voltage-sensitive Na'-
channel blocker, TTX. Application of TTX has importance
to locate receptors regulating neurotransmitter release and in
our experiments, to characterize auto- or heteroreceptor
function of 5-HT receptors involved in 5-HT release. TTX
inhibits electrically evoked [*H]5-HT release presumably by
blocking conduction in the electrically excitable membrane
[152]) and thus by inhibition of action potential propagation.
On the contrary, TTX does not block [H]5-HT release
evoked by elevated KCl, a depolarizing stimulus that appears
to act directly on axon terminals or dendritic buttons [76].
Therefore, elevated KCl instead of electrical stimulation was
used to elicit [’H]5-HT overflow when TTX was applied.

5-CT inhibited the KCl-induced [*H]5-HT release simi-
larly to those experiments when electrical stimulation was
used to evoke [*H]5-HT release (Fig. 10). Addition of TTX
prevented the inhibitory effect of 5-CT on K'-stimulated
[*H]5-HT release from raphe nuclei slices suggesting that 5-
HT; receptors may not serve as autoreceptors but act as het-
eroreceptors in controlling 5-HT release. We speculated that
the 5-HT; receptor-mediated 5-HT release inhibition may
involve operation of another, possibly excitatory neuro-
transmitter system. These postulated excitatory neurons may
be glutamatergic and therefore, the regulatory role of 5-HT;
receptors in glutamate release was further studied in the ra-
phe nuclei slice preparation.

4.1.1. 5-HT, Receptor-Mediated Glutamate Release in the
Raphe Nuclei

We found that 5-CT inhibited [*H]glutamate release from
raphe nuclei slices and this inhibition was reversed by the
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Fig. (10). Effect of TTX on 5-CT-induced inhibition of [*H]5-HT
release in raphe nuclei slices of the rat. Slices containing the raphe
nuclei were prepared from rat brain, loaded with [3H]5—HT and su-
perfused with Krebs-bicarbonate buffer in the presence and absence
of TTX (1 uM). The slices were stimulated by elevated KCI (22 mM
for 2 min) in fractions 4(S1) and 15(S2). 5-CT (0.001 to 1 uM) was
added 9 min before electrical stimulation and was maintained
throughout the experiment. In order to block 5-HT; receptor sub-
types, WAY-100635 (10 uM) and SB-216641 (1 uM) were added to
the superfusion buffer. KCl-induced [3H]5—HT release expressed as
S2/S1 that was taken as 100% was 0.76+0.03 in the absence and it
was 0.93£0.12 in the presence of TTX (P>0.05, n=3-4).
Mean+S.E.M., n=3-4. (Figure taken from Reference [80]).

selective 5-HT; receptor antagonist SB-258719 (Fig. 11).
This finding suggests that glutamatergic axon terminals in
the raphe nuclei express 5-HT; receptors and their stimula-
tion leads to inhibition of glutamatergic excitatory tone. The
activation state of 5-HT; heteroreceptors located on glutama-
tergic axon terminals may depend on biophase concentration
of 5-HT and increase in extracellular 5-HT concentration

1.3
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Fig. (11). The effects of 5-CT and 5-CT and SB-258719 on
[3H]glutamate release from raphe nuclei slices of the rat. The slices
were stimulated electrically (20 V, 2 Hz, 2-msec for 2 min) in frac-
tion 10. 5-CT (0.1 uM) was added 9 min and SB-258719 (10 uM)
was added 18 min before electrical stimulation of [*H]glutamate
release. In order to block 5-HT; receptor subtypes, WAY-100635
(10 uM) and SB-216641 (1 pM) were added to the superfusion
buffer. Mean+S.E.M., n=3-4.



The Pharmacology of the Neurochemical Transmission

leads to inhibition of 5-HT; receptor-mediated glutamate
release in the raphe nuclei.

4.1.2. Glutamate Receptor-Mediated 5-HT Release in the
Raphe Nuclei

Whether the postulated serotonergic-glutamatergic inter-
action is reciprocal in nature, the influence of glutamate re-
ceptor agonists on [*H]5-HT release was also determined. As
shown in Fig. (12A), the ionotropic glutamate receptor ago-
nists NMDA and AMPA evoked increased [3H]5-HT release
from raphe nuclei slices of the rat. In another series of ex-
periments, the NMDA receptor antagonist MK-801 antago-
nized the inhibitory effect of 5-CT on electrically stimulated
[*H]5-HT release from raphe nuclei slices of the rat [80] fur-
ther indicating that 5-HT; receptors indirectly, via glutamate
release, influence serotonergic neural activity.

4.1.3. Serotonergic-Glutamatergic Circuitry in the Raphe
Nuclei

5-HT; receptor immunoreactivity in neural fibers and cell
bodies of the raphe nuclei was demonstrated by using anti-
body produced against 5-HT; receptors [53]. These receptors
are probably not located on 5-HT-containing neurons within
the raphe nuclei as was suggested by our experiments em-
ploying the neurotoxin TTX. The functional and morpho-
logical observations presented above raise the possibility that
5-HT; receptors do not serve as autoreceptors but they act as
heteroreceptors in controlling 5-HT release in the raphe nu-
clei. A glutamatergic pathway rises from the median prefron-
tal cortex and projects to the raphe nuclei [71] and the pri-
mary target for the cortico-raphe glutamatergic neurons is
the raphe 5-HT neurons [159]. There might be a local inter-
action between glutamatergic axon terminals and serotonerg
projection neurons, which may represent a fine tune between
the main neural cell types in the raphe nuclei (Fig. 13). In-
crease in extracellular 5-HT concentration leads to inhibition
of 5-HT; receptor-mediated glutamate release which then
may reduce excitatory input to serotonerg neurons and the
further release of 5-HT will be attenuated. The serotonergic-
glutamatergic interaction may be reciprocal in nature as the
glutamatergic agonists NMDA and AMPA evoked increase
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in 5-HT release and this finding confirms previously pre-
sented data [159]. The local glutamatergic and serotonergic
circuitry postulated in the raphe nuclei forms an excitatory-
inhibitory connection by which incoming excitatory signals
are converted into inhibitory output projecting to various
brain areas like cerebral cortex, striatum, hippocampus or
hypothalamus. This circuitry may also involve GABAergic
interneurons as was suggested by the findings that NMDA
and AMPA also evoke GABA release from raphe nuclei
slices (Fig. 12B).

4.2. Reciprocal Innervation Between Serotonergic and
GABAergic Neurons

A great number of experiments indicate that serotonergic
projection neurons and GABA interneurons present in the
raphe nuclei mutually regulate each other's activity [62, 64].
Thus, GABA inhibits serotonergic systems as it decreases
the turnover rate of 5-HT in the raphe nuclei and it has also
been reported that serotonergic neural activity was blocked
by local application of GABA agonists in the raphe nuclei
[58]. Besides the autoreceptor characteristics of 5S-HT| recep-
tor subtypes, these receptors may also serve as heterorecep-
tors expressed on GABA interneurons and serotonergic neu-
rons also possess GABA heteroreceptors, which are involved
in mediation of GABAergic inhibition [158]. To asses recip-
rocal pattern of serotonergic-GABAergic interactions in the
raphe nuclei, slices of rat raphe nuclei were loaded with ei-
ther [*H]5-HT or [*’H]JGABA in order to measure radiola-
beled neurotransmitter release and the role of 5-HT; and
GABA receptor subtypes in this regulation was determined.
Using this approach, we observed that (1) 5-HT inhibits
[*H]GABA release by 5-HT,4 and 5-HTj receptors and (2)
GABA inhibits [*H]5-HT release by GABA, and GABAg
receptors located on 5-HTergic neurons [12]. An effort has
been made to elucidate the location of receptors involved in
this reciprocal innervation.

4.2.1. Serotonergic Modulation of GABA Release in the
Raphe Nuclei

As it is shown in Table 6, the 5-HT, 4 receptor agonist 8-
OH-DPAT and the 5-HT,p receptor agonist CGS-12066 de

1.5q
= = AMPA
@ & NMDA
g
i 1.04
£
@
0
o
a2
[
<« 0.5
(]
<
<
=

Stim
0.0 T T T T !
0 5 10 15 20 25
Fractions

Fig. (12). Effects of NMDA and AMPA on (A) [*H]5-HT and (B) [PH]GABA release from raphe nuclei slices of the rat. The slices were
superfused with NMDA (0.3 mM) or AMPA (0.3 mM) in fractions 10 and 11. When AMPA was used, cyclothiazide was also added in a

concentration of 0.3 mM from fraction 4. Mean+S.E.M., n=3-4.
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GABAerg neuron

5-HTerg neuron

Glutamatergic terminal

Fig. (13). A model for interaction between serotonergic and glutamatergic neurons in the raphe nuclei of the rat. 5-HT released from dendrites
or recurrent axon collaterals of serotonergic neurons inhibits its own release by release-mediating 5-HT; 5 and 5-HTpp receptors. Further-
more, 5-HT released into the biophase may inhibit glutamate release either in a synaptic or non-synaptic communication by 5-HT; heterore-
ceptors located on glutamatergic axon terminals. Activation of 5-HT; receptors on glutamatergic neurons by 5-HT inhibits glutamate release
and reduced excitatory influence will lead to inhibition of 5-HT release. The indirect regulation of 5-HT release by 5-HT; heteroreceptors was
evidenced by the fact that TTX suspended the inhibitory effect of 5-CT on 5-HT release. Glutamatergic axon terminals in the raphe nuclei
may also possess excitatory 5-HT24,¢ receptors as was suggested by Bagdy et al., [12]. Raphe nuclei obtain glutamatergic innervation via the
cortico-raphe projection neurons originated from the medial prefrontal cortex [71] and the latter receives inhibitory influences from the raphe-
cortical serotonergic projection [116]. A possible location of 5-HT; receptors on raphe nuclei GABAergic neurons was suggested Roberts and
coworkers [132]. We found, however, that bicuculline, a GABA 4 receptor antagonist, did not alter 5-CT-mediated inhibition of 5-HT release
[79]. The scheme does not show astrocytes, which surround neurons and are involved in neurotransmitter efflux and uptake processes.

Table 6. Effects of S-HT and GABA Receptor Ligands on Electrical Stimulation-Induced [SH]S-HT and [3H]GABA Release from
Raphe Nuclei Slices of the Rat

Concentration [HI5-HT [H]GABA
Compounds Receptor
(M) release (S2/S1)

Control - 0.95+0.03 0.92+0.05
8-OH-DPAT 5-HTa 1 0.44+0.04* 0.29+0.05*
CGS-12066 5-HT 1 0.45+0.02* 0.36+0.04*

Control - 0.99+0.06 0.89+0.05

Muscimol GABAAs 30 0.56+0.05* 0.53+0.07*
Baclofen GABAg 100 0.274+0.04* 0.31+0.09*
Control - 0.99+0.05 0.91+0.07
(+)WAY-100135 5-HT 1 1.08+0.04 0.94+0.13
Bicuculline GABAA 100 0.98+0.08 1.13+£0.12
Phaclofen GABAg 100 2.11£0.63* 0.77+0.20

Rat raphe nuclei slices were prepared, loaded with [*H]5-HT or [’H]GABA, superfused and stimulated electrically in fractions 4 and 15 for determination of [*H]5-HT or ["H]GABA
release. ANOVA followed by the Dunnett's test, *P<0.05, mean+S.E.M., n=3-7.
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creased electrical stimulation-induced [’H]JGABA release
from isolated raphe nuclei slices of the rat. The 5-HT 4 re-
ceptor antagonist ()WAY-100135 did not affect [’H]|GABA
release on its own right but antagonized the inhibitory effects
of 8-OH-DPAT on electrical stimulation-evoked ["HJGABA
efflux (Table 6). These findings indicate that 5-HT release
originated from dendrites and/or axon terminals inhibits
GABA neurons in the raphe nuclei and both 5-HT,4 and 5-
HT g receptors are involved in this inhibition. Data presented
in Table 6 also summarize the inhibitory effects of 8-OH-
DPAT and CGS-12066 on [*H]5-HT release in raphe nuclei.

To determine whether 5-HT;4 and 5-HT,p receptors in-
fluencing [*’H]GABA release are located on GABA neurons
or they are situated on other neuronal elements, the voltage-
sensitive Na'-channel blocker TTX was used. We found that
TTX did not block ["HJGABA overflow in response to ele-
vated KCl, a depolarizing stimulus that appears to act di-
rectly on axon terminals [152]). Moreover, 8-OH-DPAT
decreased K'-induced [’H]GABA release and this inhibition
was completely abolished by TTX [12]. Although CGS-
12066 also inhibited ["TH]JGABA efflux elicited by KCl depo-
larization, this inhibition persisted even in the presence of
TTX. Experiments carried out in slices treated with TTX
shows that the location of 5-HT;, and 5-HT,p receptors in-
volved in GABA release inhibition may be different and this
was further evidenced in experiments carried out in 5-HT-
deficient raphe slices.

5-HT stores in raphe nuclei slices were depleted by re-
peated administration of para-chlorophenylalanine (pCPA)
to rats and the effects of 5-HT, receptor agonists on
[PH]GABA release were measured [12]. We found that in 5-
HT deficient slices, CGS-12066 decreased the electrically
evoked ["H]JGABA efflux whereas 8-OH-DPAT did not ex-
ert any inhibition on transmitter overflow (Table 7). Thus,

Table 7.
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the inhibitory effect of 5-HT,p receptors on GABA release
was independent from the tissue concentration of endoge-
nous 5-HT whereas that of 5-HT; A receptors was suspended
after emptying 5-HT stores. This set of experiments suggests
that 5-HT)p receptors are located on GABAergic axon ter-
minals and mediate a direct inhibition of GABA release
whereas 5-HT 4 receptors are located on 5-HT cells and they
exert an indirect inhibitory effect on GABA release.

4.2.2. GABAergic Modulation of 5-HT Release in the Ra-
phe Nuclei

As it is shown in Table 6, the GABA, receptor agonist
muscimol and the GABAg receptor agonist baclofen inhib-
ited the electrically induced [*H]5-HT overflow in the raphe
nuclei slices. The GABA, receptor antagonist bicuculline
did not affect the release of [3H]5-HT on its own right, how-
ever, it antagonized the inhibitory effects of muscimol on
electrical stimulation-evoked [*H]5-HT release. The GABAg
receptor antagonist phaclofen increased [*H]5-HT overflow
elicited by electrical stimulation and reversed the baclofen-
induced inhibition of [*H]5-HT efflux (Table 6). Data pre-
sented in Table 6 also summarize the inhibitory effects of
muscimol and baclofen on ["H]JGABA release in raphe nu-
clei.

Our experiments indicate that both GABA, and GABAjg
receptors may be involved in the GABAergic-5-HTergic
neural interaction in the raphe nuclei. The dual expression of
GABA, and GABAg receptors on postsynaptic membranes
has been demonstrated and even interactions at the level of
GABA receptor subtypes were suggested [98]. The two
GABA receptor subtypes may exert different types of inhibi-
tion on serotonergic neuronal activity as the GABAg recep-
tor antagonist phaclofen, on its own right, increased and the
GABA 4 receptor antagonist bicuculline did not affect soma-

Effects of 5-HT and GABA Receptor Ligands on Electrical Stimulation-Induced [3H]5-HT and [3H]GABA Release from

Para-Chlorophenylalanine (p-CPA)- or Isoniazid-Treated Rat Raphe Nuclei Slices

[*H|5-HT ’HIGABA
Compound Concentration ) (S2/s1)
u release
(uM)
pCPA-treated slices

Control - 0.83+0.07

8-OH-DPAT 1 0.9540.17

CGS-12066A 1 0.49+0.06*

Isoniazid-treated slides

Control - 0.93+0.02
Muscimol 10 0.44+0.07*
Baclofen 100 0.36+0.06*

Slices containing raphe nuclei were prepared from rats pretreated with either pCPA or isoniazid. Rat raphe nuclei slices were loaded with [*H]5-HT or [’H]GABA, superfused and
stimulated electrically twice for determination of [*H]5-HT or [’H]GABA release. Agonists were added 8 min before 2nd stimulation. ANOVA followed by the Dunnett's test,
*P<0.05, mean+S.E.M., n=4-7. p-Chlorophenylalanine (pCPA), an inhibitor of tryptophan hydroxylase was injected in a dose of 100 mg/kg/day ip for 5 days. pCPA-pretreatment
reduced 5-HT content in the raphe nuclei from 1.67+0.10 to 0.49+0.04 pg/g (P<0.05, n=4). Isoniazid, an inhibitor of glutamic acid decarboxylase, was injected in a dose of 450
mg/kg sc, 45 min before decapitation. Isoniazid-pretreatment reduced GABA content in the raphe nuclei from 33413 to 189423 ng/g (P<0.05, n=3-4). The 5-HT and GABA con-
centrations in the raphe nuclei slices of the rat were measured by HPLC/electrochemistry according to Mefford [108] and Rowley ef al. [134], respectively.
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todendritic 5-HT release. Tonic regulation of GABAg recep-
tors by the endogenously released GABA suggests a possible
synaptic location of these receptors whereas a more phasic
regulation by GABA, receptors is in favor of non-synaptic
influence on serotonergic neurons.

In a further attempt to localize GABA, and GABAg re-
ceptors regulating 5-HT release, raphe nuclei slices were
taken from rats pretreated with the glutamic acid decarboxy-
lase inhibitor isoniazid [12]. In GABA-deficient slices, mus-
cimol and baclofen decreased the electrically evoked [*H]5-
HT efflux (Table 7). This finding indicates that 5-HT re-
lease-regulating GABA 4 and GABAg receptors may be situ-
ated postsynaptically on 5-HT neurons since depletion of
releasable GABA by isoniazid failed to alter their inhibitory
effects.

4.2.3. Serotonergic-GABAergic Circuitry in the Raphe Nu-
clei

Local interaction between 5-HTergic projection neurons
and GABAergic interneurons operates in a reciprocal fashion
establishing a fine tune between the main neural cells types
in the raphe nuclei (Fig. 14). GABA exerts trans-synaptic
control on 5-HT neurons as was shown by a series of bio-
chemical, electrophysiological and morphological experi-
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ments whereas few 5-HT nerve endings were found only in
contact with GABA elements [79, 114, 141]. Thus, both
synaptic and non-synaptic release of neurotransmitters might
be involved in the local serotonergic, GABAergic and glu-
tamatergic circuitry of the raphe nuclei. This neural network
forms complicated excitatory-inhibitory connections by
which incoming excitatory signals from the cerebral cortex
are converted into inhibitory output and sent back to cerebral
cortical areas. In fact, 5-HT innervation of the medial pre-
frontal cortex originates from the raphe nuclei and the raphe-
cortical 5-HT neurons mediate an inhibition in the cortical
neural network [116, 154].

4.3. Interactions Between Serotonergic and Noradrener-
gic Neurons

Several morphological and functional investigations indi-
cate the occurrence of interaction between serotonergic and
noradrenergic systems in the midbrain dorsal and median
raphe nuclei. Early histological studies demonstrated nora-
drenergic afferent connections projecting to the raphe nuclei
[138]. The dense noradrenergic innervation arises from the
lower brainstem noradrenergic cell groups: retrograde tracing
method labeled neurons in the locus coeruleus (A6 noradren-
ergic cell group), the A5 noradrenergic cell group, the cau-

GABA neuron

5-HT,,5¢

NMDA/
Non-NMDA

Glu

Glutamatergic terminal

Fig. (14). A model for possible reciprocal interaction between serotonergic and GABAergic neurons in the raphe nuclei. 5-HT released from
dendrites or recurrent axon collaterals of serotonergic neurons inhibits its own release by 5-HT 4 and 5-HT;p,p receptors. GABA-containing
cells in the raphe nuclei are interneurons but these brain nuclei also receive inhibitory GABAergic projections. GABA once released inhibits
its further-release through GABA, and GABAg autoreceptors located on GABAergic neurons. Moreover, GABA inhibits 5-HT release by
stimulating GABA, and GABAg receptors located on 5-HTergic projection neurons. GABAg receptors may mediate a tonic inhibition
whereas GABA, receptors exert a more phasic inhibition on 5-HT release. On the other hand, 5-HT inhibits GABA release by 5-HT,g/p het-
eroreceptors located on GABAergic axon terminals. The 5-HT) , autoreceptor-mediated inhibition of GABA release is probably an indirect
effect and it may be mediated by excitatory 5-HT, receptors located on glutamatergic axon terminals. Glutamatergic axon terminals in the
raphe nuclei possess excitatory 5-HT,a/»c receptors as was suggested by Bagdy and coworkers [12].
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doventrolateral medulla and the nucleus of the solitary tract
(A1 and A2 noradrenegic cell groups) [124].

Neurochemical experiments showed the presence of
norepinephrine (NE) and the enzymes involved in its synthe-
sis within the raphe nuclei [137]. Autoradiographic studies
have revealed the presence of alpha-1, alpha-2 and beta
adrenoceptors in the dorsal raphe nucleus [148] and the pres-
ence of alpha-1 mRNA has also been demonstrated [50,
157]. The high level of mRNA encoding the alpha-1B recep-
tors makes it likely that this adrenoceptor subtype is respon-
sible for noradrenergic influence on serotonergic neurons.
Alpha-1 heteroreceptors mediating noradrenergic control on
serotonergic neurons may be located at the cell body levels.

Alpha-2 adrenoceptor binding has also been demon-
strated in the raphe nuclei [50, 157]. Immuno-histochemical
studies revealed the presence of alpha-2A and alpha-2C
adrenoceptor immunoreactivities in the dorsal raphe nucleus
[157]. Functional tests indicated that alpha-2A adrenoceptor
subtype is involved in regulation of 5-HT release [133]. This
was further supported by the finding that infusion of the al-
pha-2A adrenoceptor antagonist BRL 44408 into the dorsal
raphe nucleus caused an increase of 5-HT release [129]. The
majority of alpha-2 adrenoceptors may be located in
noradrenergic axon terminals where they serve as autorecep-
tors and they regulate primarily NE release [37]. Others
pointed out that alpha-2 adrenoceptors are involved in both
NE and 5-HT release in rat dorsal raphe nucleus slices [84].
Guyenet and coworkers [68] concluded, however, that only a
low percentage of 5-HT cells exhibit detectable alpha-2A
adrenoceptor immunoreactivity in the dorsal raphe nucleus.

4.3.1. Noradrenergic Modulation of 5-HT Release in the
Raphe Nuclei

The alpha-2 adrenoceptor agonist clonidine inhibited the
electrical stimulation-induced [*H]5-HT release from iso-
lated raphe nuclei slices of the rat (Fig. 15A). This effect was
reversed by addition of idazoxan, an antagonist of alpha-2
adrenoceptors (pA, value 6.88). Idazoxan (0.001 to 1 uM) by
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itself failed to influence [*H]5-HT release in these experi-
mental conditions. The present data suggest that NE released
from noradrenergic axon varicosities influences somatoden-
dritic 5-HT release in the raphe nuclei and this effect may be
either a direct or an indirect inhibition mediated by presynap-
tic and/or postsynaptic alpha-2 adrenoceptors.

In vivo microdialysis studies also concluded that clonidine
reduced and idazoxan or 2-methoxy-idazoxan enhanced 5-
HT release in the rat raphe nuclei [3, 37]. These effects of
alpha-2 ligands might be, however, indirect. Thus, idazoxan
may enhance noradrenergic tone on 5-HT neurons through
removal of the negative feedback inhibition of NE release,
which then leads to activation of postsynaptic alpha-1 adreno-
ceptors located on 5-HT neurons. Supporting this view, it
was found that the noradrenergic neurotoxin DSP-4 pre-
vented the inhibitory effect of clonidine on 5-HT release
suggesting an indirect effect on 5-HT output [37]. In raphe
nuclei slice preparation, however, prazosin failed to suspend
the 5-HT release-inhibitory effect of dexmedetomidine sug-
gesting that alpha-2A heteroceptors may play a role in
noradrenergic-serotonergic interaction [84].

The alpha-1 adrenoceptor antagonist prazosin (0.1 to 1
uM) had neither stimulatory nor inhibitory effect on [*H]5-
HT release from raphe nuclei slices. The alpha-1 adrenocep-
tor agonist phenylephrine inhibited electrical stimulation-
induced [3H]5-HT release (Fig. 15A) and this inhibition was
associated by an enhanced basal 5-HT outflow. This effect of
phenylephrine is surprising as this drug is widely used to
increase single neuron firing rate [89]. The opposing effect
of phenylephrine on 5-HT release may be a consequence of
its dual electrophysiological effect: phenylephrine evokes
depolarization and increases duration of after-hyperpolari-
zation following action potential [120]. In another series of
experiments, bath addition of phenylephrine also reduced 5-
HT release assessed by voltammetry in raphe slices [84].

Although in vitro experiments provided some evidence
for the inhibitory properties of alpha-1 adrenoceptors on so-
matodendritic 5-HT release, in vivo investigations led to op-
posite conclusion. Using microdialysis technique in freely
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Fig. (15). Effects of clonidine, phenylephrine and 8-OH-DPAT on [3H]5—HT (A) and [3H]NE (B) release from raphe nuclei slices of the rat.
The calculated ICsy values to inhibit [3H]5-HT release were 50.26+9.27 and 98.62+3.16 nM for clonidine and 8-OH-DPAT, and it was
8.31+0.67 uM for phenylephrine. Clonidine inhibited [SH]NE release with an ICsy value of 6.18+0.64 nM, phenylephrine and 8-OH-DPAT
were ineffective. For experimental procedure see Fig. (2). Drugs were added to the tissue from fraction 10 and maintained through the ex-
periment. Mean+S.E.M., n=3-4.
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moving rats, phenylephrine did not modify 5-HT output in
the median raphe nucleus, whereas prazosin reduced the re-
lease of 5-HT [3]. This finding suggests that endogenous NE
exerts a direct tonic stimulatory control on 5-HT release
through alpha-1 adrenoceptors and these receptors may be
maximally stimulated in resting conditions [129].

4.3.2. Noradrenergic Modulation of Norepinephrine Re-
lease in the Raphe Nuclei

Clonidine, added to raphe nuclei slices in concentrations
of 0.001 to 1 uM, also inhibited the electrical stimulation-
induced [PHINE release (Fig. 15B) (pA, value 7.75). This
finding can sufficiently be explained by an effect of clonidine
on release-mediating alpha-2 presynaptic autoreceptors lo-
cated on nora-drenergic nerve terminals. Idazoxan reversed
the clonidine-induced NE release inhibition. In contrast to
[*H]5-HT release, ["HINE release was concentration-depen-
dently increased by addition of idazoxan indicating that en-
dogenous NE may occupy high percentage of functional al-
pha-2 adrenoceptors during resting conditions.

Phenylephrine, except at high concentration, did not in-
fluence electrical stimulation-induced [*H]NE release from
slices containing raphe nuclei indicating probably lack of
alpha-1 adrenoceptors in the regulation of NE release (Fig.
15B). Moreover, prazosin (0.1 to 1 uM) was also without
effect on ["H]NE release. Prazosin was also ineffective on
NE release in a microdialysis experiments carried out with
probes implanted into the dorsal raphe nuclei of conscious
rats [37].

4.3.3. Serotonergic Modulation of Norepinephrine Release
in the Raphe Nuclei

The 5-HT A receptor agonist 8-OH-DPAT added in vari-
ous concentrations between 1 nM to 1 uM did not influence
[3H]NE release from isolated raphe nuclei slices of the rat
(Fig. 15B). The 5-HT, receptor antagonist WAY-100635
was also without effect on electrical stimulation-induced
[*HINE release. This finding indicates that 5-HT, receptors
are probably not expressed on noradrenergic axon terminals
and thus, these receptors are not involved in noradrenergic-
serotonergic interaction in the raphe nuclei. Whether other
types of 5-HT receptors regulate NE release in the raphe
nuclei warrants further elucidation.

Regulation of 5-HT release by 5-HT;, autoreceptors has
been discussed in Section 3.1.1.

4.3.4. Serotonergic-Noradrenergic Circuitry in the Raphe
Nuclei

Lower brainstem cell groups provide noradrenergic in-
nervation for serotonergic neurons in the raphe nuclei, the
noradrenergic influence on serotonergic cells is mediated by
alpha-1B and alpha-2A adrenoceptors. However, in vitro and
in vivo experiments resulted in some contradictions in terms
how noradrenergic influence occurs. Thus, further experi-
ments need to clarify whether alpha-2 adrenoceptors are lo-
cated on noradrenergic axon terminals only or on both
noradrenergic and serotonergic neurons. Furthermore, albeit
alpha-1 adrenoceptors are considered to excite raphe sero-
tonergic neurons, an inhibition of 5-HT release is also ob-
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served in some experimental conditions. At last, less is
known whether dendritic serotonin release influences the
release of NE in the raphe nuclei and that which 5-HT recep-
tors are involved in this neural interaction.

5. REGULATION OF 5-HT RELEASE IN THE PRES-
ENCE MONOAMINE OXIDASE INHIBITORS

It has been shown that both A and B forms of mono-
amine oxidase (MAQO) are present in serotonergic neurons,
MAO-B being present in cell bodies of the raphe nuclei and
MAO-A migrate to the nerve terminals [18]. Using antise-
rum directed against MAO-B enzyme led to the conclusion
that this enzyme is specifically located in 5-HT-containing
neurons and astrocytes in the rat brain [100]. MAO-B enzyme
was preferentially detected not only in the rat but also in
human raphe nuclei [140].

MAO inhibitors increase extracellular 5-HT concentra-
tions in the raphe nuclei after an acute treatment [19, 40].
The large increase in 5-HT output in the raphe nuclei after
systemic administration of MAO inhibitors triggers an acti-
vation of 5-HT4 receptors by accumulation of an excess 5-
HT in the extracellular space. Acute administration of non-
selective  MAO inhibitors (phenelzine, tranylcypromine)
produces a decrease in 5-HT neuronal firing [25] and reduc-
tion of neural firing in the raphe nuclei leads to decreased 5-
HT release from the nerve terminal fields [40]. Long-term
administration of MAO inhibitors also leads to an elevation
of extracellular 5-HT concentrations [41, 59] and repeated
injections of MAO inhibitors induces desensitization of 5-
somatodendritic HT, s autoreceptors [25, 125]. This desensi-
tization of 5-HT, autoreceptors is accompanied by recovery
of firing of 5-HT neurons.

In axon terminal regions, the release of 5-HT is increased
by chronic administration of MAO inhibitors and this effect
seems to be independent from changes in somatodendritic 5-
HT A receptor function [26]. This finding indicates that after
long-term administration of MAO inhibitors, terminal auto-
receptors are probably not desensitized. The MAO-A re-
versible inhibitor befloxatone enhanced the electrically in-
duced release of [*H]5-HT after a 21-day treatment, whereas
the effectiveness of the terminal 5-HT autoreceptor agonist
5-methoxytryptamine was not altered in the hypothalamus,
hippocampus and frontal cortex [24].

The selective MAO-A inhibitor clorgyline induces simi-
lar changes as nonselective MAO inhibitors. Thus, clor-
gyline increases extracellular 5-HT concentration in the ra-
phe area. Sustained increase of endogenous 5-HT in clor-
gyline-treated rats induces desensitization of somatodendritic
5-HT;, autoreceptors [25-27]. Injection of clorgyline for
three weeks failed to modify the function of the terminal
counterpart as no down-regulation of 5-HT,p receptors oc-
curred. This finding shows that long-term clorgyline treat-
ment also does not alter the function of axon terminal 5-HT
autoreceptors.

Less data are available for the selective MAO-B inhibitor
L-deprenyl, probably because 5-HT is preferentially deami-
nated by A form of MAO enzyme [179]. It has been reported
that L-deprenyl when administered repeatedly, did not mod-
ify the firing activity of 5-HT neurons in the raphe nuclei
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[25, 26]. In addition, extracellular 5-HT concentrations in the
raphe nuclei or in the frontal cortex were also not altered by
doses of L-deprenyl selective for B form MAO enzyme inhi-
bition [40]. However, after complete MAO-A inhibition by
clorgyline, administration of L-deprenyl induced a large in-
crease in dialysate 5S-HT from the raphe nuclei pointing to
the importance of MAO-B in the control of 5-HT release
even when MAO-A is inhibited [40]. In our experiments, we
have investigated the influence of MAO inhibition on the
function of different 5-HT; receptor subtypes involved in
regulation of 5-HT neurons in the raphe nuclei and found
that L-deprenyl desensitizes 5S-HT release-mediating 5-HT,p
autoreceptors in the rat raphe nuclei leaving 5-HT) 5 receptor
function unaltered.

5.1. Changes in Sensitivity of 5-HT;, and 5-HT;5 Recep-
tor Subtypes After Monoamine Oxidase Inhibition

Using superfused raphe nuclei slices preincubated with
either clorgyline or L-deprenyl it was found that endogenous
5-HT concentrations increased in response to clorgyline,
whereas L-deprenyl did not affect 5-HT content in the mid-
brain tissue (Table 8). These data indicate that the selective
MAO-A inhibitor clorgyline affects the metabolic degrada-
tion of 5-HT in the raphe nuclei but the selective MAO-B
inhibitor L-deprenyl does not have this effect. Thus, increase
in 5-HT tissue concentrations in raphe nuclei slices super-
fused with clorgyline indicates an inhibition of type A MAO,
this result was not seen after L-deprenyl administration.

Whether selective MAO inhibitors influence 5-HT;, and
5-HT,p receptor sensitivity in 5-HT release inhibition, rat
raphe nuclei slices were loaded with [*H]5-HT and super-
fused with either clorgyline or L-deprenyl. The effects of the
5-HT| 4 receptor agonist 8-OH-DPAT or the 5-HT)p receptor
agonist CGS-12066 were determined on electrically stimu-
lated [*H]5-HT release from clorgyline or L-deprenyl pre-
treated raphe nuclei slices.

Superperfusion of raphe nuclei slices with L-deprenyl
reduced the inhibitory effect of CGS-12066 on electrically
stimulated [*H]5-HT release whereas the inhibitory effect of
8-OH-DPAT was still observed (Table 9). Clorgyline, on the
other hand, did not alter the inhibitory effects of either 8-

Table 8.
Raphe Nuclei Slices of the Rat
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OH-DPAT or CGS-12066 on [*H]5-HT release. These data
indicate that in vitro administration of L-deprenyl, in condi-
tions where MAO-A enzyme is not inhibited, reduces sensi-
tivity of 5-HT;p autoreceptors to inhibit 5-HT release
whereas the activity of 5-HT4 remains unaltered. Neither L-
deprenyl nor clorgyline when added to superfused raphe nu-
clei slices influenced [3H]5—HT release.

5.2. Changes of 5-HT;, and 5-HT;5 Receptor Sensitivity
in the Raphe Nuclei After Long-Term Treatment with L-
Deprenyl

In the next series of experiments, rats were injected either
with L-deprenyl (0.25 mg/kg daily s.c.) or saline for 14 days.
MAO-A and MAO-B enzyme activities were determined in
raphe nuclei tissue [54, 63]. L-Deprenyl inhibited deamina-
tion of ["*C]5-HT and ['*C]phenylethylamine in raphe nuclei
tissue by 11% and 75%, respectively. These data demon-
strate that sustained administration of small doses of L-
deprenyl inhibited B type MAO activity in the raphe nuclei
whereas the activity of MAO type A remained substantially
unchanged.

The 5-HT)4 receptor agonist 8-OH-DPAT decreased the
electrically induced [3H]5-HT release from superfused raphe
nuclei slices of rats repeatedly injected with L-deprenyl (Ta-
ble 10). The 5-HT,p receptor agonist CGS-12066 did not
influence, however, [°H]5-HT release in raphe nuclei slices
obtained from L-deprenyl-pretreated rats. /n vivo treatment
with L-deprenyl also reduced the inhibitory effect of CGS-
12066 on [*H]5-HT release in hippocampal slices (Table 10).
These data demonstrate that not only acute in vitro admini-
stration of L-deprenyl but also its repeated in vivo injections
led to selective desensitization of somatodendritic and axon
terminal 5-HT,p autoreceptors. Moreover, loss of 5-HTp
receptor sensitivity in 5-HT release inhibition was not ac-
companied by inhibition of MAO-A enzyme activity.

5.3. Selective Desensitization of 5-HT;g but not 5-HT;,
Autoreceptors by L-Deprenyl

Our data indicate that in vitro and repeated in vivo ad-
ministration of L-deprenyl reduced sensitivity of 5-HT;g
receptors in the raphe nuclei and in the hippocampus without
inducing changes in the sensitivity of somatodendritic 5-

Effects of In Vitro Administration of L-Deprenyl and Clorgyline on 5-HT and 5-Hydroxyindoleacetic Acid (5-HIAA) in

5-HT S-HIAA
Treatments
(ng/e)
Non-perfused slices 0.92+0.14 1.3940.12
Perfused slices 0.47+0.04 0.19+0.02
Slices perfused with L-deprenyl 0.43£0.05 0.07+0.01
Slices perfused with clorgyline 0.86+0.07* 0.07+0.02

Raphe nuclei slices were prepared and superfused with Krebs-bicarbonate buffer. After a 100-min long washout period, L-deprenyl or clorgyline (10 pM) was added to the Krebs-
bicarbonate buffer and maintained throughout the experiments for another 100-min period. At the end of superfusion, the slices were collected, weighed, homogenized in 0.4 ml 0.1
M perchloric acid-0.2 mM Nabisulfite and centrifuged. The 5-HT and 5-HIAA contents were measured in the samples by HPLC-electrochemistry [108]. ANOVA and Dunnett's test,

*P<0.05, mean+S.E.M., n=4-5.
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Table9. Effects of 5-HT;, and 5-HT;5 Receptor Agonists on Electrical Stimulation-Induced [3H]5-HT Release in Raphe Nuclei
Slices of the Rat After L-Deprenyl or Clorgyline Pretreatment In Vitro
Compounds Concentration PH]5-HT release
@M) (S2/S1)
Non-treated raphe nuclei slices
Control - 0.96+0.06
8-OH-DPAT 1 0.39+0.07*
CGS-12066 1 0.61+0.08*
L-Deprenyl-treated raphe nuclei slices
None - 0.76+0.05
8-OH-DPAT 1 0.30+0.03**
CGS-12066 1 0.77+0.12
Clorgyline-treated raphe nuclei slices
None - 0.95+0.05
8-OH-DPAT 1 0.57+0.08**
CGS-12066 1 0.63+0.06*

Raphe nuclei slices were prepared, loaded with [*H]5-HT and superfused with Krebs-bicarbonate buffer containing clorgyline or the L-deprenyl (10 uM). The slices were superfused
with MAO inhibitors for 100 min then 22 3-min fractions were collected. The slices were stimulated electrically (40 V, 2 Hz, 2-msec for 2 min) in fractions 4(S1) and 15(S2) and the
release of [*H]5-HT was expressed by the S2/S1 ratio. 8-OH-DPAT and CGS-12066 (1 uM) were added to the buffer from fraction 10 and maintained through the experiment.
ANOVA and Dunnett's test, *P<0.05, mean+S.E.M., n=4.

HT receptors. This effect is probably not attributed to inhi-
bition of MAO enzyme activity as L-deprenyl did not change
5-HT concentrations in superfused raphe slices and did not
modify [*C]5-HT deamination in midbrain tissue after long-
term administration. These data further indicate that the at-
tenuated function of 5-HTp autoreceptors evoked by L-
deprenyl is not a consequence of an increased availability of
5-HT in the synaptic cleft. Moreover, acute clorgyline,
which increased tissue concentrations and probably also syn-
aptic availability of 5-HT did not induce changes in sensitiv-
ity of 5-HT;5 and 5-HT,p receptor subtypes. It has been re-
ported, however, that repeated administration of clorgyline is
required for detection of changes in somatodendritic 5-HT 5
receptor function [28].

There might be several possible explanations for the
mechanism by which L-deprenyl selectively modifies 5-
HT,p autoreceptor functions. An interaction between inhibi-
tion of neuronal uptake and inhibition of neurotransmitter
release through the effect of an agonist acting on autorecep-
tors was already reported [65, 99, 122]. It is possible to
speculate therefore that the 5-HT uptake inhibitory effect of
L-deprenyl [35, 74] may have a role in reducing the inhibi-
tory effect of CGS-12066 on [*H]5-HT release. The effect of
L-deprenyl-induced 5-HT uptake blockade on 5-HT)g recep-
tor-mediated [*H]5-HT release inhibition may indicate a
close location of the 5-HT transporter to the autoreceptor
organized in a serotonergic synapse. 5-HT transporter and 5-
HT A autoreceptors, on the other hand, are probably not in a

Table 10. Effects of 5-HT;, and 5-HT;g Receptor Agonists on Electrical Stimulation-Induced [3H]5-HT Release from Raphe Nuclei

and Hippocampal Slices Dissected from Rats Repeatedly Treated with L-Deprenyl

[*H]5-HT release (S2/S1)

Concentration
Compounds M
(M) Raphe nuclei Hippocampus
Saline treatment - 1.18+0.21 0.95+0.03
L-Deprenyl treatment - 1.1540.14 1.01+0.08
+ 8-OH-DPAT 1 0.49+0.11* 0.79+0.05
+ CGS-12066 1 0.81£0.09 1.17+0.14

Slices containing raphe nuclei or hippocampus were prepared from rat, which had been repeatedly treated with 0.25 mg/kg of L-deprenyl sc for 14 days. The slices were loaded with
[*H]5-HT, superfused and stimulated electrically (40 V, 2 Hz, 2-msec for 2 min) in fractions 4(S1) and 15(S2). The release of [*H]5-HT was expressed by the S2/S1 ratio. Agonists
were added 9 min before S2. ANOVA and Dunnett's test, ¥*P<0.05, mean+S.E.M., n=3-4.
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close link as somatodendritic 5-HT, receptors may have a
preferential role in regulation of non-synaptic 5-HT release
and the transporter may not be in a close vicinity of the re-
ceptor.

It has been shown that [3H]imipramine binding site and
terminal 5-HT autoreceptors are interactive and activation of
this site leads to decrease autoreceptor function in regulation
of 5-HT release [99]. Since L-deprenyl has been reported to
increase the number of [3H]imipramine recognition site [181]
the possibility arises that interaction exists between L-
deprenyl bound to 5-HT uptake site and activity of 5-HTp
autoreceptors. The decreased function of 5-HT,;p autorecep-
tors in response to L-deprenyl-treated rats appears to result
from a functional interaction between this type of release-
mediating autoreceptor and an effect on [3H]imipramine
binding sites.

Besides MAO inhibitors, 5-HT reuptake blockers when
administered in a long-term, also exert profound effects on
the sensitivity of the release-mediating 5-HT, autoreceptors
in the somatodendritic area as well as in the axon terminals.
It has been shown that sustained administration of paroxetine
induces desensitization 5-HT;, autoreceptors and also de-
creases effectiveness of 5-HT)p receptor activation in reduc-
ing 5-HT release from rat raphe nuclei slices [125]. Desensi-
tization of 5-HT,p receptors in mesencephalic raphe and in
hippocampus of the guinea pig may also occur after long-
term paroxetine administration [55]. Repeated administration
of 5-HT reuptake blockers leads to desensitization of termi-
nal 5-HTg,p autoreceptors in different 5-HT projection areas
and this was indicated by a reduced efficacy of 5-HT;g/p
agonists to inhibit 5-HT release [126]. In another series of
experiments, the 5-HT uptake inhibitor fluvoxamine, after
sustained administration, was found to induce desensitization
of somatodendritic 5-HT;, receptors but not of 5-HT;g/p
terminal autoreceptors [17]. Our experiments provide evi-
dence that, in contrast to 5-HT reuptake inhibitors, L-dep-
renyl evokes desensitization of central and peripheral 5-
HTg/1p receptors leaving the sensitivity of 5-HT;, receptors
unaltered.

CONCLUSION

In the raphe nuclei, 5-HT is released from serotonergic
projection neurons as action potential propagation invades
dendrites, recurrent axon collaterals or axon terminals. This
release may occur from vesicles by exocytosis or from cyto-
plasmic pool with the mechanism of reverse-mode operation
of neurotransmitter transporters. 5-HT release in the raphe
nuclei may take place in synaptic organizations or directly
into the biophase and thus, both synaptic and non-synaptic
neurotransmission are present.

The release of 5-HT in the raphe nuclei is regulated by
various 5-HT receptors. These receptors may have various
locations in central part of serotonergic neurons: the release-
and impulse-mediating 5-HT) 4 autoreceptors may be located
on the somatodendritic part; the release-inhibitory 5-HTg/ip
receptor may be on recurrent axon collaterals and axon ter-
minals. The subtypes of 5-HT, receptors mediate feedback
inhibition of 5-HT release. 5-HT receptor subtypes can exert
both synaptic and non-synaptic influences on 5-HT release.
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5-HTp/p receptors may be under tonic influence of 5-HT
released whereas 5-HT;5 receptors may influence raphe 5-
HT release with a more phasic mode.

The selectivity of 5-HT; receptor subtypes was differ-
ently altered by L-deprenyl, a selective inhibitor of B type
MAQO. Thus, acute in vitro and repeated in vivo administra-
tion of L-deprenyl reduced sensitivity of 5-HT;p receptors in
the raphe nuclei and the hippocampus without inducing
changes in the sensitivity of somatodendritic 5-HT;5 recep-
tors. This effect is probably not attributed to inhibition of
MAO enzyme activity but rather to 5-HT uptake inhibitory
effect of L-deprenyl. The inhibitory effects L-deprenyl on 5-
HT carrier molecules and 5-HT/ip receptors may indicate a
close location of 5-HT transporter and autoreceptor orga-
nized in serotonergic synapses.

Evidence was presented for the involvement of the
ionotropic 5-HT; receptors in mediation of raphe 5-HT re-
lease. 5-HTj; receptors stimulate exocytotic vesicular release
of 5-HT and that mediated by reverse mode operation of 5-
HT transporter. The release-facilitatory 5-HT; receptors may
be sited on the proximal dendrites, dendritic shaft or on cell
body with an extrasynaptic organization. 5-HT; receptors
mediate feedback stimulation of raphe 5-HT release.

There may be an integrated operation of 5-HT receptors
in the regulation of 5-HT release in the raphe nuclei (Fig.
16). As 5-HT release occurs, the subtypes of 5-HT; autore-
ceptors in the dendrites, axon collaterals and nerve endings
are activated leading to inhibition the further release of 5-
HT. If the autoreceptor-mediated inhibition is attenuated
(autoreceptor is preoccupied by 5-HT or 5-HT transporter is
down-regulated) or initiated with a delay, the concentration
of 5-HT in the gap of dendritic synapse may reach high
enough concentrations to diffuse out into the extrasynaptic
space. 5-HT traveling a considerable distance in the biophase
may activate 5-HT; receptors located extrasynaptically and
as a consequence, changes in electrical properties of den-
dritic membranes will occur. 5-HT; receptors may be located
more proximally on dendritic tree and therefore, depolariza-
tion of the membranes will not allow propagation of inhibi-
tory inputs from distal dendrites to the dendritic shaft and
cell body. GABA may be a possible candidate for this kind
of inhibition as GABAergic neurons in the raphe nuclei are
known to synapse with serotonergic neurons [62]).

Another possible consequence of 5-HTj; receptor stimula-
tion in the raphe nuclei is an increase of 5-HT release origi-
nated either from the vesicular or the cytoplasmic pools or
both of serotonergic dendrites. The facilitation of 5-HT re-
lease by non-synaptic 5-HT; receptors will result in high 5-
HT concentrations in the extrasynaptic space leading to
transmitter diffusion toward 5-HT-containing dendrites and
recurrent axon collaterals equipped with inhibitory 5-HT4
and 5-HTgp autoreceptors. These dendrites or nerve endings
will then be hyperpolarized and not be invaded by action
potential and 5-HT release will be inhibited. Therefore, fa-
cilitation of 5-HT release by extrasynaptic 5-HT; receptors
may induce release-inhibition from a large number of den-
drites or recurrent axon collaterals (Fig. 16). The facilitatory
5-HT; and inhibitory 5-HT; receptor subtypes exert opposing
role in the control of somatodendritic 5-HT release. Thus,
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Fig. (16). Possible neuronal interaction in the raphe nuclei. S-HT may be released into synapses formed between vesicle-containing dendrites
of serotonergic neurons and impinging neurons. 5-HT release in dendritic synapses is inhibited by presynaptic 5-HTp,p autoreceptors. 5-HT
released into the synaptic cleft will activate postsynaptic 5-HT heteroreceptors (inhibitory: 5-HT), 5-HT; excitatory: 5-HT,). If once released,
5-HT diffuses out from the synaptic cleft into the biophase and it may reach extrasynaptic 5-HT; receptors. 5-HT spilled over from the syn-
apses or released non-synaptically from the dendrites will facilitate 5-HT; receptors. The transmitter release occurring by reverse-mode op-
eration of 5-HT transporter or by exocytosis will further increase 5-HT concentrations in the extrasynaptic space. As a consequence, den-
dritic membranes around 5-HT; receptors will be depolarized and GABAergic inhibitory synaptic inputs from distal dendrites will not
propagate proximally to the dendritic shaft and cell body of serotonergic neurons. Furthermore, high concentrations of 5-HT in the biophase
will activate a number of inhibitory 5-HT,p/;p receptors sited on serotonergic recurrent axon collaterals and 5-HT;, receptors on parallel
dendrites. This will lead to inhibition of 5-HT release in a large number of serotonergic dendritic branches and axon terminals.

there may be an interaction between inhibitory 5-HT; and
facilitatory 5-HTj; receptors in the regulation of somatoden-
dritic 5-HT release in the raphe nuclei.

The local neuronal circuit in the raphe nuclei consists of
serotonergic projection neurons, GABAergic interneurons
and glutamatergic axon terminals. 5-HT inhibits GABA re-
lease in synaptic or non-synaptic communications and both
5-HT s and 5-HTp,p receptors are involved in this inhibi-
tion. The location of the two 5-HT,; receptor subtypes may
be, however, different: 5-HT,p/;p heteroreceptors are proba-
bly located on GABAergic axon terminals and they exert a
direct inhibition on GABA release. 5-HT;5 receptors that
inhibit GABA release are probably those located on 5-HT
cells and mediate autoinhibition of 5-HT release. Thus, inhi-
bition of raphe GABA release by 5-HT4 receptors is due to
an indirect effect.

GABA, if once released from axon terminals of interneu-
rons or projection neurons, inhibits 5-HT release by stimulat-
ing GABA, and GABAjg receptors located on serotonergic
projection neurons. GABApg receptors may mediate a tonic
inhibition whereas GABA, receptors exert a more phasic
inhibition on 5-HT release. These data indicate a reciprocal
interaction between serotonergic and GABAergic neuro-
transmission in the raphe nuclei. Moreover, reciprocal inner-
vation may exist between serotonergic and glutamatergic

nerve endings; 5-HT released into the biophase may inhibit
glutamate release either in a synaptic or non-synaptic com-
munication by 5-HT; heteroreceptors located on glutamater-
gic axon terminals.

Activation of 5-HT; heteroreceptors on glutamatergic
axon terminals by 5-HT inhibits glutamate release in the
raphe nuclei. This inhibition reduces excitatory influence to
serotonergic neurons, which then leads to inhibition of 5-HT
release. 5-HT released from projection neurons exerts dual
inhibitory and excitatory influences on glutamate release;
these effects may be mediated by 5-HT; and 5-HT, receptors
expressed on glutamatergic nerve endings. The postulated
glutamatergic-serotonergic interaction in the raphe nuclei
was further evidenced by the finding that NMDA and
AMPA, agonists for ionotropic glutamatergic receptors, en-
hance 5-HT release in raphe nuclei slices.

Within the raphe nuclei, serotonergic projection neurons
and axon terminals of noradrenergic neurons from the locus
coeruleus are in reciprocal interactions at the somatoden-
dritic and axon terminal levels. The noradrenergic influence
of serotonin cells is mediated by pre- and postsynaptic alpha-
2 and alpha-1 heteroceptors, which regulate cell firing as
well as 5-HT and NE release. Serotonergic-noradrenergic
interplay in the raphe nuclei is an important target for a
number of psychoactive drugs, including selective and non-
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selective serotonin reuptake inhibitors, MAO inhibitors and
atypical antipsychotic drugs [31]. Several clinical observa-
tions conclude that neuronal network of the raphe nuclei
mediates a number of psychiatric disorders. Ascending sero-
tonergic pathways originating from the raphe nuclei and pro-
jecting to the amygdala and frontal cortex or to the dorsal
periaqueductal gray matter have been implicated in the pa-
thology of generalized anxiety disorder and panic disorder,
respectively [127]. Of the various 5-HT receptors, 5-HTa
and 5-HT,4 receptors were suggested to be involved in de-
velopment of various anxietic disorders. Evidence for re-
duced serotonergic input from the dorsal raphe nuclei to the
prefrontal cortex has been reported in patients suffering from
major depression or attempted suicide [34, 96]. We believe
that detailed investigation of neural network and neuro-
transmitter interactions within the raphe nuclei may lead not
only to better understanding drugs’ mode of action but also
to discover clinically potent new compounds for treatment of
psychiatric disorders.
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