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Abstract

The aim of the study was to investigate whether the antidepressant trazodone (TRZ), a serotonin-2 receptor antagonist/reuptake inhibitor,

modifies g-amino-butyric acid (GABA) extracellular levels in the cerebral cortex, by acting on 5-HT2A receptors, and through this

mechanism increases 5-HT levels. For this purpose the effect of TRZ on the release of GABAwas studied in adult male rats in synaptosomes,

cortical slices, and bin vivoQ by microdialysis. In cortical slices, the release of both GABA and 5-HT was determined. GABA and 5-HT were

identified and their levels quantified by HPLC. The inhibition of 5-HT uptake by TRZ was also measured. In synaptosomes, TRZ

antagonized dose-dependently, at concentrations from 10�10 to 10�6 M, the increase in GABA release induced by (F)DOI, a 5-HT2A/2C

agonist, and the a receptor agonist phenylephrine, both 10�6 M. The pIC50 values were 8.31F0.24, and 5.99F0.52, respectively. In the same

preparation, [3H]5-HT accumulation was inhibited by citalopram and TRZ with pIC50 of 7.8F0.44 and 5.9F0.09, respectively, a finding

confirming the weak activity of TRZ in comparison with a SSRI.

In cortical slices, TRZ exerted a biphasic effect on GABA release. At concentrations from 10�10 to 10�7 M it inhibited and from 10�6 to

10�4 M increased GABA release. 5-HT release was enhanced by TRZ throughout the entire range of concentrations tested. However, the

increase was delayed after low and rapid after high concentrations. AMI-193, a 5-HT2A antagonist (10�10 to 10�5 M), reduced GABA release

in a dose–response manner, while it induced an increase of 5-HToutflow. On the contrary, (F)DOI (10�10 to 10�5 M) increased GABA release

and inhibited 5-HT levels. Perfusion with the GABAA receptor antagonist bicuculline was also followed by an increase in 5-HT release.

In microdialysis experiments, TRZ 1.25 mg kg�1 s.c. brought about a decrease in GABA extracellular levels, while an increase was found

after the dose of 2.5 mg kg�1.

These findings demonstrate that TRZ, at concentrations which do not inhibit 5-HT uptake, reduces the cortical GABAergic tone by

decreasing GABA extracellular levels, through the blockade of 5-HT2A receptors. The attenuation of GABAergic tone is responsible for an

increase in 5-HT levels. A further increase also results from 5-HT uptake inhibition caused by higher doses of TRZ. The ensuing high 5-HT

levels enhance GABA release, which in turn inhibits 5-HT release.
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1. Introduction

Trazodone (TRZ) was introduced in the 1960s as an

antidepressant drug and is still widely used (Baldessarini,

2001). Since it is a weak inhibitor of serotonin (5-HT)

reuptake (Owens et al., 1997), it has been considered

different from tricyclic antidepressant (TCAs) and selective

serotonin reuptake inhibitors (SSRIs). Pazzagli et al. (1999)

demonstrated that TRZ administration brings about a large

increase in 5-HT extracellular level in rat’s cerebral cortex.
ological Psychiatry 28 (2004) 1117–1127
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However, the increase in cortical 5HT levels following TRZ

administration shows a different profile and time course

when compared with the increase brought about by TCAs

(Maione et al., 1997) and SSRIs (Bel and Artigas, 1992).

Fuller et al. (1984) suggested that the predominant action of

TRZ on 5-HT neuronal systems is a 5-HT receptor

antagonism rather than the inhibition of 5-HT reuptake.

Marek et al. (1992), comparing TRZ and fluoxetine,

concluded that the preclinical and clinical data suggest that

TRZ exerts its antidepressant action through an antagonism

for 5-HT2/1C receptors, while fluoxetine likely acts as an

antidepressant via inhibition of 5-HT uptake. According to

Frazer (1997), TRZ is characterized by high affinity and

antagonistic activity for 5-HT2A receptors subtype, and a

weak inhibition of the 5-HT transporter. These data led Stahl

(1996) and DeVane (2000) to define TRZ as a SARI

compound, i.e. a serotonin-2 receptor antagonist/reuptake

inhibitor. However, it has not yet been defined by which

mechanism the blockade of 5-HT2A subtype receptors results

in the large increase in 5-HT extracellular levels observed by

Pazzagli et al. (1999), which is presumably responsible for

the antidepressant effect since, according to Blier and de

Montigny (1994), the therapeutic effect of SSRIs and TCAs

correlates with the increase in 5-HT extracellular levels in

cortical areas brought about by these drugs.

Cozzi and Nichols (1996) demonstrated that selective

5-HT2A antagonists, such as ketanserin, spiperone,

MDL100907 and ritanserin, inhibit K+-stimulated g-amino-

butyric acid (GABA) release from cortical slices. Conversely,

Abi-Saab et al. (1999) found that local infusion of the 5-

HT2A/2C agonist (F)DOI [(F)-2,5-dimethoxy-4-iodophenyl-

2-aminopropane], dose-dependently increases cortical

extracellular GABA levels. They also observed the activation

of cortical GABAergic interneurons by demonstrating an

increase in Fos-like immunoreactivity, following (F)DOI

infusion, co-localized with glutamic acid decarboxylase

immunoreactivity, a marker of the GABAergic neurons.

Therefore, since cortical GABAergic interneurons can be

modulated by 5-HT, acting on 5-HT2A/2C receptors subtypes,

the aim of this study was to investigate whether TRZ, by

acting on 5-HT2A receptor, modifies GABA extracellular

levels in the cerebral cortex and through this mechanism

increases 5-HT levels. For this purpose, the effect of TRZ on

the release of GABA was studied on rat synaptosomes,

cortical slices, and bin vivoQ in the frontal cortex by

microdialysis. In cortical slices, the release of both GABA

and 5HTwas determined. Finally, 5-HT uptake inhibition by

TRZ was also assessed.
2. Methods

2.1. Animals

Adult male Sprague–Dawley rats (Harlan, Italy),

weighing 250–300 g, were housed at constant temperature
(23F1 8C) and relative humidity (50%). Food and water

were freely available. All animal-use procedures con-

formed to the guidelines of the European Community’s

Council for Animal Experiments (DL 116/92).

2.2. Drugs

The following drugs were used: TRZ (ACRAF,

Aprilia, Italy), 5-HT, GABA, tetrodotoxin (TTX) and

(+)bicuculline (Sigma, St. Louis, MO), (F)DOI (RBI,

Natick, MA), phenylephrine (Aldrich Chemical, Milwau-

kee, USA), AMI-193 (Tocris, Langford, Bristol). Citalo-

pram was extracted in our laboratory from prescription

tablets (Seropram, Lundbeck, Italy).

The compounds were dissolved in water, while

bicuculline was dissolved in the medium used for slice

perfusion solution containing 2% of HCl 0.1 N HCl. In

microdialysis experiments, the drugs were directly dis-

solved in saline and injected s.c. (1 ml kg�1 body

weight), or dissolved in Ringer solution for local

administration by reverse dialysis through the micro-

dialysis probe.

2.3. Synaptosome preparation

The animals were killed by decapitation and the cortex

was rapidly removed. Crude synaptosomes were prepared

according to the method described by Gray and Whittaker

(1962) with minor modifications. The cortex was homogen-

ized in 40 volumes of 0.32 M sucrose buffered with

phosphate at pH 7.4. The homogenate was centrifuged at

1000�g for 5 min and synaptosomes were isolated from the

supernatant by centrifugation at 12,000�g for 20 min. The

pellet was resuspended in a physiological salt solution with

the following composition (mM): NaCl 125, KCl 3, MgSO4

1.2, CaCl2 1.2, NaH2PO4 1.0, NaHCO3 22 and glucose 10;

pH 7.2–7.4; gassed with 95% O2 and 5% CO2 and

maintained at 37 8C.

2.4. Synaptosome release experiments

The synaptosome suspension was distributed at the

bottom of a set of parallel superfusion chambers main-

tained at 37 8C (Raiteri et al., 1974). Superfusion (0.6 ml/

min) was started with standard medium continuously

aerated with a mixture of O2 and CO2 (95%/5%). After

36 min of superfusion to equilibrate the system, four

separate 3-min fractions were collected. Synaptosomes

were exposed to the compounds at the start of the first

fraction as described in the results. The dead time of the

system was 3 min 45 s.

The change in neurotransmitters release was calculated

as percent variation over the first sample collected before

drug application, taken as basal value. The effects of TRZ

on neurotransmitter release were presented as percent

variation respect to the controls.
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2.5. Synaptosome uptake experiments

5-HT uptake by the synaptosomes was measured

according to the method of Perovic and Muller (1995).

The synaptosomal fractions were diluted to achieve a final

protein concentration of 0.6–0.8 mg/ml and, after a

preincubation period of 30 min, uptake was started by

the addition of 10 nM [3H]5-HT. Non-specific uptake was

determined in the presence of 10 AM citalopram. After 20

min incubation at 37 8C in Krebs–Ringer buffer with the

following composition (mM): NaCl 125, KCl 3, MgSO4

1.2, CaCl2 1.2, NaH2PO4 1.0, NaHCO3 22, glucose 10,

HEPES 25; pH 7.4, the reaction was stopped with ice-

cold buffer by rapid vacuum filtration onto Unifilter GF/B

filters. The filters were rapidly washed with 3 ml of ice-

cold buffer. The plates were allowed to dry for 30 min at

45 8C before addition of 35 Al/well of scintillation liquid

(MicroScint 20, Packard, Meriden, USA). The radio-

activity on the filter was measured at least 16 h later

using a TopCount NTX (Packard). Radioactivity accumu-

lated by synaptosomes at 0–4 8C was routinely subtracted

and temperature-dependent uptake was defined as the

difference between the uptake at 37 8C and that at 0–4

8C. Protein content was determined according to the

method of Bradford (1976) using albumin as reference

standard.

Data from competition experiments were analyzed by

computer-assisted non-linear regression analysis using the

least square fitting program Prism (GraphPad Software).

The bfour parameter logistic equationQ defined as sigmoi-

dal dose–response (variable slope) was used to measure

the compound response according to the following

formula

Y ¼ Bottom þ Top� Bottomð Þ
= 1þ 10 LogEC50� Xð Þ � HillSlopeð Þð

where X is the logarithm of concentration; Y is the

response and starts at the Bottom and goes to the Top

with a sigmoid shape. No constant parameters were added

so that the lines were allowed to float in the plane.

2.6. Release experiments with cortical slices

The rats were killed by decapitation and the cortex

rapidly removed and placed on ice. The cortical slices

were prepared from the frontal pole, approximately in the

region in which the microdialysis probe was inserted in

the in vivo experiment. The frontal pole was cut, with a

McIlwain tissue chopper, in 400 Am thick slices

weighing 44.5F4.36 mg (meanFS.E.M.; n=6). The slices

were preincubated at 37 8C for 30 min in a medium

with following composition (mM): NaCl 125, KCl 3,

MgSO4 1.2, CaCl2 1.2, NaH2PO4 1.0, NaHCO3 22 and

glucose 10; pH 7.2–7.4; gassed with 95% O2 and 5%

CO2. After preincubation, in each chamber, one slice was
placed at the top of a set of 12 superfusion chambers

(Brandel-Suprafusion system, Semat Technical, UK) ther-

mostated at 37 8C. Superfusion was started at the rate of

0.6 ml/min with standard medium continuously gassed

with a mixture of O2 (95%) and CO2 (5%). After 60 min

of superfusion to equilibrate the system, 10 separate 4-

min fractions were collected. Drugs were added at the

start of the third fraction for 2 min and the changes in

GABA and 5-HT release were monitored by collecting 4

min samples for 28 min. The dead time of the system

was 2 min.

2.7. Microdialysis procedures

Adult male rats were anaesthetised with chloral hydrate

(400 mg/kg, i.p.) and placed in a Kopf stereotaxic frame.

A guide cannula (CMA/11) was then implanted in the

frontal cortex with the following coordinates: AP 4.5 mm,

L �2.8 mm, DV �4.5 mm from the bregma (Paxinos and

Watson, 1982). The experimental procedure previously

described by Pazzagli et al. (1999) was followed. Briefly,

24 h after surgery each rat was placed in a plexiglas cage

and a pre-equilibrium Cuprophan CMA/11 microdialysis

probe (2 mm long, 0.24 mm o.d.) was slowly lowered, via

the guide cannula, into its frontal cortex. The flow rate was

1.3 Al/min. After 2 h equilibrating period, fourteen 30-min

dialysate samples were collected. Drugs were administered

after the collection of the first three samples.

2.8. 5-HT determination

5-HT levels in the superfusion fluid and the dialysate

samples was quantified according to the method of Kilts

et al. (1981). The method involves a solvent delivery

pump (Model LC-10AD, Shimadzu, Kyoto, Japan), an

electrochemical detector Coulochem II and a high

performance analytical cell, both from ESA (Bedford,

MA). The detector potential was maintained at 500 mV,

the sensitivity range at 1 AA and the filter at 10 s. A

rheodyne (Model 7725 I) with a 100 Al sample loop was

used for sample injection. Chromatographic separations

were performed using an 8 cm�4.6 mm column packed

with octadecylsilane (C18) on microparticulate (3 Am)

silica gel (ESA). The mobile phase was a mixture of

citrate 0.1 M, Na2HPO4 75 mM, sodium octansulfonate

0.75 mM and 11% methanol (v/v). After adjusting to pH

3.9 with NaOH 15 N, the mobile phase was filtered

through a 0.22 Am Millipore filter and degassed under

vacuum. All separations were performed isocratically at a

flow-rate of 1.5 ml/min.

2.9. GABA determination

GABA levels in the superfusion fluid and in the

dialysate samples was quantified by HPLC according to

the method of Tonnaer et al. (1983), with minor
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modifications. The method involves precolumn derivatiza-

tion with o-phthalaldehyde followed by separation on a

C18 reverse-phase chromatography column coupled with

fluorescence detection. HPLC was performed with two

solvent delivery pumps, an autosampler and a sample

cooler (Shimadzu, Kyoto, Japan). The column effluent was

monitored with a Shimadzu model RF-551 fluorimeter

(excitation wavelength 340 nm, emission wavelength 450

nm). A step by step binary gradient was used to separate

the aminoacids present in the samples. Mobile phase A

and B were composed by 0.1 M acetate buffer (pH 5.8) in

20% and 80% methanol (Lichrosolv, Merck and Co.,

Rahway, NJ), respectively. The two phases were filtered

through 0.22 Am Millipore filters and degassed. Flow rate

was 1.2 ml/min.

2.10. Statistical analysis

IC50 and EC50 values were calculated by a non-linear

regression analysis using the GraphPad PrismR software.

Changes in GABA and 5-HT levels were expressed as

percent variations over the mean of the samples collected

before drug administration (baseline). The effects of the

drugs were also expressed as areas under the curve (AUC)

calculated as indicated in the figure legends. MeansFS.E.M.

of the experimental data are presented. To evaluate the

statistical significance the generalised linear model (GLM)

for repeated measures procedure was performed using the

SPSS-Statistical Package, and the bnon-linear regressionQ
procedure has been performed using the GraphPad Soft-

ware, 1999.
Fig. 1. TRZ antagonizes the increase in GABA release induced by (F)DOI 10

synaptosomes. The agonists were added to the superfusion medium for 2 min

application. Insets: Per cent increase in GABA release induced by (F)DOI (panel

six replicates expressed as percent changes vs. the baseline. Significance of diffe

ANOVA followed by Dunnett’s test (*pb0.05).
3. Results

3.1. Effect of TRZ on GABA release from synaptosomes

The spontaneous GABA release from superfused syn-

aptosomes was 7.37F0.82 pmol/Al (n=6). The release was

enhanced in a concentration-dependent manner by the

addition of the 5-HT2A/C receptor agonist (F)DOI, and

phenylephrine, a selective a1 receptor agonist, at concen-

trations ranging from 10�8 to 10�5 M (Fig. 1, insets in

panels A and B, respectively) for 2 min. TRZ added to the

superfusion fluid at concentrations ranging between 10�10

and 10�5 M did not modify the spontaneous GABA release

(data not shown). However, when TRZ was added together

with (F)DOI or phenylephrine 10�6 M, it reduced dose-

dependently the increase in GABA release induced by both

agonists as shown in Fig. 1, panels A and B. The pIC50

value of TRZ in inhibiting (F)DOI-evoked increase was

8.31F0.24, and the pIC50 value inhibiting phenylephrine-

evoked increase was 5.99F0.52. The 200-fold difference

demonstrates that TRZ has a higher affinity for 5-HT2A than

for a1 receptors.

3.2. Effect of TRZ on 5-HT reuptake

As shown in Fig. 2, TRZ, 5-HT, and citalopram, in a

concentration-dependent manner, inhibited [3H]5-HT accu-

mulation by a cortical synaptosomal-enriched fraction at 37

8C, while they were unable to antagonize [3H]5-HT passive

diffusion at 0 8C (data not shown). The rank of the potency,

expressed as pIC50, to inhibit the [3H]5-HT accumulation
�6 M (Panel A) and phenylephrine 10�6 M (Panel B) from rat cortica

after baseline and TRZ was added for 8 min before and during agonis

A) and phenylephrine (panel B). Each point is the meanFS.E.M. of four to

rences between experimental groups are calculated vs. baseline values by
l

t



Fig. 3. Effect of TRZ on GABA release from rat cortical slices. Panel A:

time course of the changes in GABA release induced by different TRZ

concentrations. The first three samples are taken as baseline release. TRZ

was added to the superfusion medium for 2 min after baseline as shown by

the horizontal bar under the abscissa. Panel B: Peak percent changes in

GABA release in the concentration range of 10�11–10�4 M. Values are the

meanFS.E.M of four to six samples expressed as percent changes vs.

baseline. Significance of differences between experimental groups are

calculated vs. control group by GLM for repeated measures (*pb0.05).

Fig. 2. Inhibition of [3H]5-HT accumulation in rat cortical synaptosomes

enriched fraction at 37 8C by 5-HT (.), TRZ (n) and citalopram (5). The

drug effects are expressed as percent variation of [3H]5-HT specific uptake.

Each point is the meanFS.E.M. of six to eight replicates.
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was: citalopram 7.8F0.44N5-HT 6.6F0.11NTRZ 5.9F0.09.

The Hill slopes showed no significant differences between

citalopram (0.51F0.25), 5-HT (0.62F0.09) and TRZ

(0.64F0.08).

3.3. Effect of TRZ on GABA and 5-HT release from cortical

slices

The effect of TRZ on spontaneous GABA and 5-HT

release was investigated on cortical slices by adding

different TRZ concentrations to the perfusion fluid for 2

min after the collection of three basal samples. After TRZ

addition, the release was monitored for seven 4-min

samples. The spontaneous outflows of GABA and 5-HT

were 5.35F0.43 pmol/Al (n=6) and 0.02F0.001 pmol/Al
(n=6), respectively, and remained constant throughout the

experiments. According to the concentration of TRZ added

to the perfusion fluid, inhibition or stimulation of GABA

release was observed. As shown in Fig. 3, panel A, the

addition of TRZ 10�10 M was followed by an immediate

decrease in GABA release which fell by about 50% within

12 min and gradually returned to basal level. Conversely,

after the addition of TRZ 10�4 M a rapid increase in GABA

release, lasting approximately 8 min was observed.

The concentration-dependent biphasic effect of TRZ on

GABA release is illustrated in Fig. 3, panel B, in which the

peak changes observed at each TRZ concentration tested is

shown. The maximum decrease was observed at 10�10 M

and the shift from decrease to increase in GABA release

occurred at 10�6 M.

The same TRZ concentrations were tested on 5-HT

release, as shown in Fig. 4. After both applications of TRZ

10�10 and 10�4 an increase in 5-HT release was observed.

However, the increase following 2 min application of
10�10 M occurred with a delay of 17F1.3 min and, after

showing a rapid peak, faded rapidly. Conversely, the

increase in 5HT release following TRZ 10�4 M peaked

within 4 min, was larger and gradually returned to the basal

level within 16 min.

In order to verify whether the delayed increase in 5HT

release, following the addition of TRZ 10�10 M, depended

on the decrease in extracellular GABA level, the GABAer-

gic tone was reduced by the application for 2 min of

bicuculline, a GABAA receptor antagonist, at concentrations

ranging from 10�9 to 10�5 M. Fig. 5 shows that bicuculline

brought about a dose-dependent increase in 5-HT release.

The increase occurred with a delay of 12F1.8 min from

bicuculline application and lasted about 12 min.

After demonstrating that TRZ at low concentrations

inhibits GABA release and increases 5-HT release presum-

ably through a GABAergic mechanism, we attempted to



Fig. 4. Effect of different concentrations of TRZ on 5-HT release from rat cortical slices. The first three samples are taken as baseline release. TRZ was added to

the superfusion medium for 2 min after baseline as shown by the horizontal bar under the abscissa. Values are the meanFS.E.M. of four to six samples

expressed as percent changes vs. baseline. Significance of differences between experimental groups are calculated vs. control group by GLM for repeated

measures (*pb0.05).
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define the receptor subtype involved by comparing the

effects of TRZ with those of the selective 5-HT2A

antagonist AMI-193 (Ismaiel et al., 1993) and partial

agonist (F)DOI (Appel et al., 1990), on GABA and 5-HT

release. As illustrated by Fig. 6, Panel A, AMI-193 (10�10

to 10�5 M) brought about a concentration-dependent

(pEC50=9.35F0.28) rapid decrease in GABA release and

a delayed (12F1.6 min) increase (pEC50=8.50F0.24) in 5-

HT extracellular levels (Fig. 6, panel B). Conversely, the

agonist (F)DOI (10�10 to 10�5 M) brought about an

increase in GABA release (Fig. 7, panel A) associated, after
Fig. 5. Dose–response curve of bicuculline (10�9 to 10�5 M) on 5-HT

release from rat cortical slices. The data represent the maximal effect for

each bicuculline concentration expressed as percent of variation of release

compared to the basal. Each point is the meanFS.E.M. of four to six

replicates. Significance of differences between experimental groups are

calculated vs. control group by GLM for repeated measures (*pb0.05).
a delay of 17F1.0 min, with a decrease in 5-HT outflow

(Fig. 7, panel B) with a pEC50 values of 8.18F0.22 and

8.35F.30, respectively.

3.4. Effect of TRZ on GABA bin vivoQ: microdialysis

experiments

The aim of this group of experiments was to verify

whether also systemic TRZ administration modulates

cortical GABAergic activity. For this purpose, extracellular

levels of GABA were measured in the cerebral cortex, by

the microdialysis technique, after TRZ injection. The results

are shown in Fig. 8. The basal levels of GABA were

0.05F0.02 pmol/Al (n=15) and tended to decrease gradually

over time (as showed in the control group). TRZ, injected at

the dose of 1.25 mg kg�1 s.c., brought about a long-lasting

decrease in GABA level peaking after about 1 h. The

decrease was statistically significant as demonstrated by

calculating the change in AUC (F=8.765; p=0.042) shown

in the inset. Conversely, the administration of TRZ at the

dose of 2.5 mg kg�1 s.c. was followed by a large, delayed,

long lasting increase in GABA levels peaking after 4 h. The

increase was statistically significant (F=29.036; p=0.006)

as demonstrated by the change of the AUC, shown in the

inset.

Confirmation that the biphasic changes in GABA

extracellular level in the cortex depend upon a direct effect

of TRZ on cortical neuronal circuitry was sought by

administering the drug locally by reverse dialysis. As

illustrated by Fig. 9, TRZ perfusion for 90 min at the

concentration of 0.03 ng Al�1 was followed by a long lasting

decrease in GABA extracellular level with a statistically

significant (F=7.150; p=0.032) 50% decrease in the AUC.

Conversely, the perfusion with TRZ at the concentration of



Fig. 6. Dose–response curve of AMI-193 (10�9 to 10�5 M) effect on

GABA (panel A) and 5-HT release (panel B) from rat cortical slices. The

points represent the maximal effect for each AMI-193 concentration

expressed as percent change of release compared to basal. Each point is the

meanFS.E.M. of four to six experiments. Significance of differences

between experimental groups are calculated vs. control group by GLM for

repeated measures (*pb0.05).
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0.1 Ag Al�1 was followed by a gradual, long lasting and

irregular increase in GABA levels lasting about 4 h. The

AUC increase was statistically significant (F=6,795;

p=0,048), as shown in the inset in Fig. 9.
Fig. 7. Dose–response curve of (F)DOI (10�9 to 10�5 M) on GABA (panel

A) and 5-HT (panel B) release from rat cortical slices. The points represent

the maximal effect for each (F)DOI concentration expressed as percent

change in release compared to basal. Each point is the meanFS.E.M. of

four to six experiments. Significance of differences between experimental

groups are calculated vs. control group by GLM for repeated measures

(*pb0.05).
4. Discussion

TRZ is a weak inhibitor of the 5HT transporter (Frazer

1997), as confirmed in our experiments by the difference

between the pIC50 of TRZ and the SSRI citalopram on

[3H]5-HT uptake by isolated cortical synaptosomes. In the

same preparation, Garrone et al. (2000) demonstrated that

TRZ is devoid of 5-HT releasing effect. However, systemic

TRZ administration results in a large increase in 5-HT

extracellular levels in the rat cerebral cortex (Pazzagli et

al., 1999). The present experiments indicate that TRZ
increases 5-HT levels through a dual mechanism: at low

concentrations, by attenuating an inhibitory GABAergic

tone regulating 5HT release in the cerebral cortex, at high

concentrations by inhibiting the 5-HT transporter. We

observed that, in cortical slices, TRZ added to the

perfusion fluid at concentrations ranging from 10�10 to

10�7 M brings about a decrease in GABA release. The

onset of the decrease is slow and, concomitantly with the

lowest GABA level, an increase in 5HT release takes

place. The hypothesis that the 5-HT increase may be

triggered by a GABA decrease is supported by the

observation that also the blockade of GABAA receptors

by bicuculline elicits a dose-dependent increase in 5-HT

release. Furthermore, in the microdialysis experiments,

TRZ injection at the dose of 1.25 mg/kg was followed by



Fig. 8. Effect of TRZ administration on extracellular GABA levels in rat frontal cortex. The first three 30-min samples are taken as baseline and all values are

normalized as percentage of baseline levels. TRZ was administered at the arrow. Inset: the bars represent the AUC values calculated from the second to the

fourth hour (1.25 mg kg�1) and from the third to the seventh hour (2.5 mg kg�1). Open bar: TRZ 1.25 mg kg�1; black bar: TRZ 2.5 mg kg�1. Each point is the

meanFS.E.M. of three animals for each group. Significance of differences between experimental groups are calculated vs. control group by GLM for repeated

measures (*pb0.05).
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a long lasting decrease in GABA outflow. Under the same

experimental conditions and with the same dose, Pazzagli

et al. (1999) observed a large increase in 5HT release

beginning at approximately the time when the lowest

extracellular GABA levels were observed in the present

experiments.

GABA extracellular levels measured by microdialysis are

an indication of GABAergic neuron activity since GABA

basal levels are reduced and their evoked changes prevented

by TTX perfusion (Bianchi et al., 2003).

Since in synaptosomes TRZ antagonizes the increase in

GABA release induced by DOI, a partial 5-HT2a/c agonist

(Appel et al., 1990), and in cortical slices AMI-193, a 5-

HT2A antagonist (Ismaiel et al., 1993) inhibits GABA

release and enhances 5-HT release, it may be assumed that

the effect of TRZ is mediated through 5HT2A receptors.

An interaction between GABAergic and serotoninergic

systems was demonstrated in the raphe nuclei where the

bodies of the serotonergic neurons are located. According to

Tao and Auerbach (2000, 2003), the infusion of the GABAA

antagonist bicuculline produced a large increase in 5-HT

release within the dorsal raphe. Conversely, the infusion of
the GABAA agonist muscimol inhibited the 5-HT release.

From these experiments the authors concluded that

GABAergic neurons exert a tonic inhibitory influence on

the 5-HT neurons of the dorsal raphe nucleus. However,

there is no information on a serotoninergic control of

GABAergic neurons in this area. Summer et al. (2003)

demonstrated that also in the lizard brain retrograde

perfusion with GABA results in a significant inhibition of

5-HT overflow.

According to Harandi et al. (1987), there are many

GABAergic interneurons in the dorsal raphe which

impinge on 5-HT neurons. Since in our bin vitroQ experi-
ments, synaptosomes and cortical slices are obviously

disconnected from the raphe nuclei, it appears that a

GABAergic regulation of 5-HT release also exists in the

cerebral cortex directly on the nerve endings. In the cortex

a widespread GABAergic network exists and is formed by

interneurons (Fonnum, 1987) and subcortical projections

(Giovannini et al., 1997).

Abi-Saab et al. (1999) demonstrated that in the rat

cerebral cortex the local administration of the 5-HT2a/c

agonist (F)DOI increases GABA release, presumably by



Fig. 9. Effect of local administration by reverse dialysis of TRZ on extracellular GABA levels in rat frontal cortex. The first three 30-min samples are taken as

baseline and all values are normalized as percentage of baseline levels. TRZ was perfused for 90 min as indicated by the horizontal bar under the abscissa.

Inset: the bars represent the AUC values calculated from the third to the seventh hour for TRZ 0.03 ng Al�1(open bar), and from the beginning of superfusion to

the seventh hour for 0.1 Ag Al�1 (black bar). Each point is the meanFS.E.M. of four to seven animals. Significance of differences between experimental groups

are calculated vs. control group by GLM for repeated measures (*pb0.05).
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acting on receptors located GABAergic interneurons. In

our experiments, (F)DOI increased GABA release also

from cortical synaptosomes, a finding which confirms a

local a modulation of the GABAergic system by 5-HT.

Prefrontal cortex interneurons are the major target of 5-HT

neurons (Smiley and Goldman-Rakic, 1996). However,

also the a1 agonist phenylephrine increased GABA release

from the synaptomes in agreement with the noradrenergic

modulation of cortical GABAergic cell types reported by

Kawaguchi and Shindon (1998). The increase in GABA

release induced by (F)DOI, and phenylephrine was

antagonized by TRZ but the pIC50 toward (F)DOI was

200 folds larger than that toward phenylephrine demon-

strating a higher affinity of TRZ for 5HT2a/c receptors than

for a receptors, in agreement with Marek et al. (1992) and

Frazer (1997). Taken together, these data indicate that

cortical GABA interneurons modulate 5-HT release but in

turn they are under serotoninergic control through 5HT2a

subtype receptors. The serotoninergic control of GABAer-

gic inhibition in the prefrontal cortex has been recently

examined by Yan (2002).
The reciprocal control between 5-HT and GABA neurons

may explain the biphasic effect of TRZ on GABA release.

At concentrations of 10�4 M, at which the 5-HT transporter

is inhibited, there is a rapid increase in 5-HT release in

cortical slices associated with an increase in GABA release

presumably resulting from an immediate agonistic effect of

5-HT on GABA interneurons in competition with TRZ for

the same 5-HT2a receptors. A large increase in GABA

extracellular levels was also observed in vivo after the

administration of TRZ 2.5 mg/kg i.p. A feedback loop in

which a 5-HT-induced increase of GABAergic tone, through

5HT2a receptors, results in the suppression of firing of a

subpopulation of 5-HT neurons was described by Liu et al.

(2000) in the dorsal raphe nucleus.

In addition to the presence of 5-HT2a receptors on

GABAergic interneurons, 5HT2a receptors are also located

on pyramidal neurons in the cortex, as shown by Jakab and

Goldman-Rakic (1998), and mediate 5-HT excitatory

actions (Aghajanian and Marek, 2000). The blockade of

these receptors by TRZ may also contribute to its

antidepressant activity.
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5. Conclusion

In the present study we demonstrated that TRZ induces a

reciprocal modulation between the cortical serotoninergic

and GABAergic systems. At low concentrations, TRZ

decreases GABA release by removing a serotoninergic tone

acting through 5-HT2a receptors on GABA neurons. In turn,

the decrease in GABA level is accompanied by an increase

in 5-HT release. At high concentrations, TRZ increases 5-

HT release by inhibiting its transporter. The increase in 5-

HT release, resulting from this double mechanism, may be

responsible for the antidepressant properties of TRZ,

possibly through a 5HT1A receptor downregulation (Sub-

hash et al., 2002). The 5-HT increase is accompanied by a

rise in GABA release. The interaction between the

GABAergic and serotoninergic systems may explain the

sedative, anxiolytic actions that accompany TRZ antide-

pressant activity.
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