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In vivo microdialysis in conscious rats was used to evaluate the effect of
5-HT�� agonist (±)-8-hydroxy-2-(n-dipropylamino)tetralin (8-OH-DPAT),
5-HT����� agonist (±)-1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane
(DOI) and 5-HT�� receptor agonist 3-(1,2,5,6-tetrahydropyrid-4-yl)pyrrolo-
[3,2-b]pyrid-5-one (CP 93129) on the veratridine-evoked glutamate (Glu)
and aspartate (Asp) release in the rat prefrontal cortex. CP 93129 at concen-
trations between 50–500 �M significantly reduced Glu and Asp release. The
effect of CP 93129 was attenuated by intraperitoneal (ip) administration of
the selective 5-HT�� receptor antagonist N-[3-[3-(dimethylamino)ethoxy]-4-
methoxyphenyl]-2’-methyl-4’-(5-methyl-1,2,4-oxadiazol-3-yl)-[1,1’-biphe-
nyl]-4-carboxamide (SB 216641) at a dose of 2 mg/kg. Neither DOI (100 �M)
nor 8-OH-DPAT given locally at concentration of 100 �M or peripherally at
doses of 0.1 and 1 mg/kg ip, influenced stimulated Glu and Asp release. We
suggest that cortical glutamatergic neurons possess 5-HT�� heteroceptors
and their activation may be responsible for the inhibitory effect of 5-HT on
Glu and Asp release.
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INTRODUCTION

A number of studies have shown modulatory
action of serotonin (5-HT) on excitatory amino
acid (EAA) release in the mammalian central ner-
vous system. It was demonstrated that activation of
5-HT�� receptors in the human cortex and rat cere-
bellum, or 5-HT�� receptors in the guinea pig den-
tate gyrus and rat cortical pyramidal neurons regu-
lates in an inhibitory manner the stimulated EAA
release [9, 26, 27]. Other studies have indicated that
cortical pyramidal neurons are enriched with 5-HT��
receptors [17, 42] and that their activation increases
the excitatory transmission [3, 4, 24]. Our previous
studies demonstrated that an increase in extracellular
concentration of 5-HT after local or peripheral ad-
ministration of 5-HT uptake inhibitor citalopram de-
creased glutamate (Glu) and aspartate (Asp) release
in the rat prefrontal cortex (PFCx) [12, 15].

The pathological changes in functioning of
frontal cortical innervation has been observed in
some psychoactive disorders like schizophrenia
and depression. Glu and Asp are the major EAA
neurotransmitters in the cortical neurons or in tha-
lamocortical afferents [11, 21, 25]. Moreover, PFCx
receives innervation from dopaminergic, noradren-
ergic and serotonergic pathways originating from
cells in the ventral tegmental area, locus coeruleus
and dorsal raphe nucleus [5, 28, 38]. Modulatory
action of monoaminergic transmitters on excitatory
neuronal cells in PFCx may be exerted via various
heteroceptors [15]. Several data indicate that both
typical and atypical antipsychotic drugs exhibit af-
finity for various subtypes of 5-HT receptors [19,
34, 41], and most of antidepressant drugs enhancing
markedly monoamine levels may affect glutamater-
gic transmission [14, 15]. Given that the cortical
pyramidal neurons and interneurons express 5-HT
receptors, the present study was undertaken to de-
termine by in vivo microdialysis whether the acti-
vation of various 5-HT receptors may affect EAA
release induced by perfusion of sodium channel ac-
tivator veratridine in the rat PFCx. Some of these
results were presented in preliminary form [13].

MATERIALS and METHODS

Animals and surgery

Adult male Wistar rats weighing 280–300 g
were used. They were housed under conditions of
constant temperature (20–22°C), controlled light

(from 6:00 to 18:00) and free access to food and wa-
ter. The experimental protocols were approved by
the Ethics Committee at the Institute of Pharmacolo-
gy of the Polish Academy of Sciences in Kraków.

The rats were anesthetized with chloral hydrate
(400 mg/kg ip) and secured in a stereotaxic frame
(David Kopf Instruments, Tujunga, USA). Vertical
microdialysis probes (outside diameter 0.2 mm,
AN 69, Hospal, Bologna, Italy) were implanted in
the PFCx with the following stereotaxic coordi-
nates: A/P + 2.7, L/M + 1.0 and V/D – 4.5 mm
from bregma point and dura, respectively [31].

Microdialysis and analytical procedure

On the following day, the microdialysis probes
were perfused with artificial cerebrospinal fluid
(aCSF) consisting of (in mM) NaCl 140, KCl 2.7,
CaCl� 1.2, MgCl� 1, NaH�PO� 0.3, Na�HPO� 1.7,
pH = 7.4 at a flow rate of 2 �l/min with a CMA/100
microinfusion pump (CMA/Microdialysis, Stock-
holm, Sweden). Samples were collected from freely
moving animals at 15 min intervals after a 3 h
washout period. Details of drug treatment are given
in figure legends. The probe recovery in vitro was
10–15% for Glu and Asp.

Dialysates (20 �l) were derivatized with 4-dime-
thylaminoazobenzene-4’-sulfonyl chloride (DABS-
Cl) at 70°C for 12 min, according to Knecht and
Chang [22]. Dabsylated amino acids were sepa-
rated on Ultrasphere ODS 5 �m column (Beckman)
by gradient elution, with solvent A (10 mM citric
acid, 4% dimethylformamide) and solvent B (ace-
tonitrile). Dabsylated compounds were detected by
absorbance at 436 nm on Beckman Amino Acid
System Gold.

At the end of experiments, the brains were ex-
amined histologically on frozen frontal slices for
correct probe placement.

Chemicals

Reagents for HPLC were purchased from Merck
(Darmstadt, Germany). 3-(1,2,5,6-tetrahydropyrid-
4-yl)pyrrolo[3,2-b]pyrid-5-one (CP 93129), N-[3-
[3-(dimethylamino)ethoxy]-4-methoxyphenyl]-2’-
methyl-4’-(5-methyl-1,2,4-oxadiazol-3-yl)-[1,1’-bi-
phenyl]-4-carboxamide (SB 216641), (±)-8-hy-
droxy-2-(n-dipropylamino)tetralin HBr (8-OH-
DPAT) and (±)-1-(2,5-dimethoxy-4-iodophenyl)-2-
aminopropane HCl (DOI) were obtained from RBI
(Natic, MA, USA), veratridine was from Sigma-
Aldrich (Poznañ, Poland), and 4-dimethylamino-
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azobenzene-4’-sulfonyl chloride (DABS-Cl) was
from PIERCE (Rockford, IL, USA).

CP 93129, SB 216641, 8-OH-DPAT and DOI
were dissolved in aCSF or 0.9% NaCl, while vera-
tridine was dissolved in a few microliters of 0.01 M
HCl and diluted to the appropriate volume with aCSF.

Statistics

The values, expressed as a percentage of basal
levels, are the means ± SEM. Statistical evaluation
was carried out by an analysis of variance (ANOVA)
followed by pairwise Student’s t-test with Bonfer-
roni correction for multiple comparisons with sig-
nificance determined at p < 0.05.

RESULTS

Effect of 5-HT1B agonist CP 93129 on

veratridine-evoked Glu and Asp release

in the rat prefrontal cortex

Basal levels of Glu and Asp in the rat PFCx
were 130 ± 11 (n = 53) and 12 ± 0.9 (n = 62)
pmol/20 �l, respectively. Veratridine given at a con-
centration of 500 �M via the microdialysis probe

for 1 h increased the extracellular level of Glu and
Asp with the maximal effect reaching about 400%
of basal release after 45 min of administration.
A calcium free-medium, perfused through the probe,
blocked the veratridine-evoked release of amino
acids by about 70% indicating that the effect was
mostly due to an exocytotic mechanism (results not
shown). CP 93129 (50, 100 and 500 �M) given
jointly with veratridine inhibited release of both
amino acids, though 100 �M concentration of the
agonist was the most effective. All concentrations
of the agonist did not affect spontaneous amino
acid release. Time-course of the effect is shown in
panels A, C of Figure 1. The cumulative effect dur-
ing the time of perfusion with drugs and two addi-
tional post-drug fractions collected at 15 min inter-
vals, expressed as an area under the curve (AUC),
is shown in panels B and D of Figure 1.

Antagonistic action of SB 216641 on the

effect of 5-HT1B agonist on Glu and Asp

release in the rat prefrontal cortex

The selective 5-HT�$ antagonist SB 216641 in-
jected at a dose of 2 mg/kg ip when given 30 min
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Fig. 1. Effect of 5-HT�� agonist CP 93129 on VER-evoked glutamate and aspartate release in the rat prefrontal cortex presented as
the time-course of the effect (panels A,C) and cumulative effect expressed as an area under the curve (AUC) (panels B,D). CP 93129
(50, 100 and 500 �M) was perfused simultaneously with VER (500 �M) for 60 min starting at point “0" on x-axis. The values are
means ± SEM, n = 5–8 rats. * p < 0.05, ** p < 0.01 versus VER



before CP 93129 (100 �M) application, it did not
produce any effect by itself, but significantly at-
tenuated the decrease in Glu and Asp release in-
duced by 5-HT�$ agonist. Time-course of the effect
is shown in panels A, C of Figure 2 while the cu-
mulative effect of drugs expressed as an area under
the curve (AUC) is presented in panels B and D of
Figure 2.

Effect of 5-HT1A agonist 8-OH-DPAT

and 5-HT2A/2C agonist DOI on Glu and

Asp release in the rat prefrontal cortex

Local perfusion of 8-OH-DPAT (100 �M) or ip
administration of 5-HT�� receptor agonist at doses
of 0.1 and 1 mg/kg did not affect veratridine-
evoked Glu and Asp release. 5-HT��3�- agonist
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Fig. 2. Antagonistic action of SB 216641 on the effect of 5-HT�� agonist CP 93129 on VER-evoked glutamate and aspartate release
in the rat prefrontal cortex. Time-course of the effect is presented in panels A, C and cumulative effect expressed as area under the
curve (AUC) is shown in panels B, D. SB 216641 (2 mg/kg ip) was injected 30 min before CP 93129 (100 �M) and VER (500 �M)
perfusion. Values are means ± SEM, n = 5–8 rats. * p < 0.05, ** p < 0.01 versus VER; + p < 0.05 versus CP 93129
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DOI (100 �M) was also without effect on Glu and
Asp release in the rat PFCx (Fig. 3, panels A and B,
respectively).

DISCUSSION

The medial PFCx receives a dense serotonergic
input from the dorsal raphe neurons [30]. The
stimulation of different classes of 5-HT receptors
concentrated in discrete cortical layers by the appli-
cation of 5-HT affects in a stimulatory or inhibitory
manner the activity of cortical neurons. Cortical
pyramidal neurons and thalamocortical terminals
appear to release EAAs [25]. Some of the inhibi-
tory effects mediated via 5-HT�� receptors or
stimulatory effects mediated via 5-HT�� receptors
have been demonstrated by electrophysiological
experiments [2, 35]. On the other hand, the results
of our present study show involvement of 5-HT�$
receptors in controlling activity of the cortical cells.
The inhibitory 5-HT�$ receptors are the predomi-
nant auto- and heteroceptors located on serotoner-
gic and non-serotonergic terminals, where they
regulate the neuronal release of neurotransmitters
[6]. Expression of 5-HT�$ receptor mRNA was
found in the frontal cortex and other regions of the
rat brain [8]. In our study, locally applied selective
5-HT�$ receptor agonist CP 93129 [18] inhibited
Glu and Asp release in the rat PFCx during
veratridine-evoked depolarization of cortical neu-
rons. The response to 5-HT�$ agonist was not
dose-dependent, since the highest (500 �M) con-
centration of the 5-HT�$ agonist was less potent in
the inhibition of amino acid release than the lower
dose. It indicates that all 5-HT�$ receptors seem to
be saturated with lower agonist concentration and
further increasing of its dose has no effect on amino
acid release or there is unspecific activation by CP
93129 of other receptor subtypes which prevents
further decrease of the release. Moreover, the effect
of the most effective concentration of the agonist
(100 �M) was reversed by peripheral administra-
tion of the selective 5-HT�$ antagonist SB 216641
suggesting that it was mediated by 5-HT�$ receptor
subtype [33]. It is worth noting that all drugs were
perfused at high micromolar concentrations. How-
ever, considering the fact that the dialysis mem-
brane permeability was only about 10% and taking
into account the limited diffusion of drugs into the
surrounding tissue, the concentration of the agonist
in the vicinity of the probe might be present in low

micromolar range. Our results are consistent with
the evidence from electrophysiological experi-
ments presented by other authors. In particular, it
was shown that glutamatergic input onto rat raphe
or locus coeruleus neurons was inhibited by 5-HT�$
agonists, and, similarly to our results, the effect of
5-HT�$ agonists was observed in the depolarized
cells, but not under resting conditions [7, 23] indi-
cating that EAA neurotransmission in the rat PFCx
is not under tonic inhibitory control of 5-HT.

Immunohistochemical studies have shown a high
density of 5-HT�� receptors in apical dendrites of
layer V pyramidal neurons and in subpopulations
of GABAergic interneurons [17, 20, 42]. In addi-
tion to activation of postsynaptic 5-HT�� receptors
on pyramidal cells [3, 24], 5-HT�� agonists have
a presynaptic action, releasing Glu from thalamo-
cortical afferents, as evidenced by electrophysio-
logical data [25]. However, in the present work,
5-HT��3�- agonist DOI [40] failed to induce amino
acid release under basal or stimulated conditions.
This controversial result of our study is difficult to
explain. However, it must be taken into considera-
tion that DOI is also a partial agonist of 5-HT�- re-
ceptors whose high levels were found in the limbic
structures of the rat brain [32], and which are impli-
cated in mediating tonic inhibition of neuronal ex-
citability [29]. Moreover, DOI has been found to
activate GABAergic interneurons in various cortical
regions [39] and 5-HT has been shown to release
GABA through 5-HT�� receptor [1]. Thus, pre-
sumably, the lack of the effect of 5-HT��3�- recep-
tor agonist in our study may be due to its opposing
actions on various neuronal subpopulations or non-
5-HT�� receptors. It has also been suggested that
the activation of somatodendritic region of thala-
mocortical neurons is crucial for inducing excita-
tory effect on cortical pyramidal neurons [25, 37].
Thus, local application of DOI in our study, unlike
the peripheral administration of this hallucinogen,
may account for the lack of its influence on Glu
and Asp release.

5-HT�� receptors are localized on the pyrami-
dal cells and it has been hypothesized that antide-
pressant-like action of 5-HT�� agonists may be due
to their effect on cortical pyramidal neurons [10].
Electrophysiological study [35] provides evidence
that the exogenously applied 5-HT attenuated corti-
cal synaptic potentials through the activation of
5-HT�� receptors. In addition, the suppression of
excitatory synaptic potentials by 5-HT�� agonist,
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8-OH-DPAT was reported to occur in rat entorhinal
cortex [36]. However, in microdialysis experiments
[9], 5-HT�� antagonist WAY 100635 enhanced,
while 8-OH-DPAT failed to affect NMDA-evoked
amino acid release. The findings of our present
work show that peripheral or local administration
of 8-OH-DPAT is without effect on Glu and Asp re-
lease during veratridine-evoked depolarization.
These observations can possibly be explained by
the fact that the normal synaptic level of 5-HT is
sufficient to modulate amino acid release, there-
fore, no further modulation via 5-HT�� receptor oc-
curs by application of 8-OH-DPAT. Lastly, it was
found that 8-OH-DPAT displayed partial agonistic
activity at 5-HT4 receptor [43], whose high density
was found in the limbic and cortical regions [16].
Since the stimulation of adenylate cyclase is a sig-
nal transducion pathway for the 5-HT4 receptor, the
effect of 8-OH-DPAT on receptor subtypes respon-
sible for opposite effects may result in the lack of
changes in amino acid release in our experiments.

In conclusion, the present findings show that
suppressive effect of 5-HT on EAA release as-
sessed with in vivo microdialysis in the rat PFCx
seems to be mediated by 5-HT�$ heteroceptors. It is
proposed that 5-HT�$ heteroceptors are likely to be
required for the treatment of the elevated Glu trans-
mission observed in some neurological disorders.
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