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Abstract:

The effects of repeated administration of imipramine, citalopram, tianeptine and zinc hydroaspartate, lasting 7, 14 and 21 days, were

studied ex vivo in rat frontal cortical slices prepared 48 h after the last dose of the drug. In a majority of cases the treatments resulted

in a decrease in the amplitude of pharmacologically isolated N-methyl-D-aspartate (NMDA) and �-amino-3-hydroxy-5-methyl-4-

-isoxazolepropionic acid (AMPA)/kainate receptor-mediated components of the field potential. Zinc and tianeptine-induced effects

were evident already after treatments lasting 7 days. Electroconvulsive shocks applied for 10 but not for 5 days reduced both the

AMPA/kainate and the NMDA receptor-mediated components. The ratios of the amplitude of NMDA to AMPA/kainate component

were altered to a different degree. These results indicate that repetitive treatment with antidepressants, zinc salt and electroconvul-

sive shocks results in an attenuation of glutamatergic synaptic transmission in the cerebral cortex, but the dynamics of the effects of

these treatments vary.
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Introduction

A growing body of experimental data suggests that

the pathophysiology of depression and the mecha-

nisms of action of antidepressant drugs are related to

alterations in glutamatergic transmission (reviewed

in [25]). Clinical studies suggest a potential role for

N-methyl-D-aspartate (NMDA) receptor antagonists

in the treatment of depression (e.g., [ 6]). Repetitive

administration of antidepressants, including imipramine

and citalopram, results in a reduction in radioligand

binding to rat cortical NMDA receptors [20, 23, 30]

and in region-specific changes in the level of mRNAs

encoding NMDA receptor subunits [10]. Moreover,

NMDA receptor antagonists exhibit antidepressant-

like actions in animal models and potentiate the ef-

fects of antidepressants [17, 35]. It has been hypothe-

sized that the mechanism of antidepressant action in-

volves dampening the function of NMDA receptors in

the cerebral cortex [27–29]. More recent work has

demonstrated that treatment with antidepressants re-

sults in an increased expression of �-amino-3-hy-

droxy-5-methyl-4-isoxazolepropionic acid (AMPA)

receptors in rat hippocampus [18]. Since positive

modulators of AMPA receptors exhibit antidepres-

sant-like actions in animal models, these receptors

have also been implicated in the mechanism of antide-

pressant action (reviewed in [1, 7]). It has been sug-

gested that mice harboring a deletion of the AMPA re-
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ceptor subunit GluR-A could represent a model of

depression showing many behavioral and neuro-

chemical features of the disease also postulated for

humans [11].

We have previously demonstrated that treatments

with a tricyclic drug, imipramine, or a selective sero-

tonin reuptake inhibitor, citalopram, both lasting

14 days, decreased the amplitude of glutamatergic

field potentials evoked in layer II/III by stimulation of

underlying sites in layer V of ex vivo rat frontal corti-

cal slices [8]. Effects of other classes of antidepres-

sant treatments on glutamatergic transmission in rat

frontal cortex have not yet been explored. One of

those, the atypical antidepressant tianeptine, facili-

tates serotonin uptake, in contrast to the immediate ef-

fects of imipramine or citalopram [14]. Another effec-

tive means of treating depression is the therapy using

the electroconvulsive shocks (ECS) [32]. Although

the mechanism of action of ECS remains largely un-

known, research in animal models points to ECS-

induced modifications in G protein-mediated cyclic

3’,5’ adenosinomonophosphate (cAMP) signalling

[24] and to increased expression of brain-derived neu-

rotrophic factor (BDNF) [13]. Recent data indicate

that administration of zinc salts results in antidepres-

sant-like effects in rodent models of depression [16,

22, 31] most likely due to interactions of zinc with

NMDA receptor (reviewed in [21]) and/or the in-

volvement of zinc in the expression of BDNF [31].

In the present study, we aimed at finding the effects

of repeated administration of tianeptine and zinc hy-

droaspartate on AMPA and NMDA receptor-mediated

components of cortical field potentials. To assess the

timecourse of the effects, ex vivo brain slices were in-

vestigated after 7, 14 and 21 days of treatment. To ex-

tend earlier data, effects of treatments with imiprami-

ne and citalopram of various duration were also inves-

tigated. Finally, we probed the influence of repeated

ECS on AMPA and NMDA receptor-mediated com-

ponents of field potentials.

Materials and Methods

Animals and treatment

Experiments were performed on male Wistar rats,

weighing initially 80–90 g. Rats were housed under

a 24 h light/darkness cycle (light on: 7:00–19:00) and

had free access to standard food and tap water. Ex-

periments were approved by the Animal Care and Use

Committee at the Institute of Pharmacology, Polish

Academy of Sciences and were carried out in accor-

dance with the European Community guidelines for

the use of experimental animals and with the national

law.

The following treatments were studied: imipramine

(amount: 10 mg/kg); citalopram (amount: 10 mg/kg);

tianeptine (amount: 10 mg/kg); and zinc hydroaspar-

tate (amount: 65 mg/kg). Substances were dissolved

in water and administered per os twice daily for 7, 14

and 21 days. Control animals received vehicle. In

a separate group, ECS (150 mA, 0.3 s) was applied

via earclip electrodes five times every second day or

everyday for 10 days. Control animals did not receive

ECS, but otherwise they were handled identically to

ECS-treated rats.

Imipramine hydrochloride was obtained from Polfa,

Poland, and zinc hydroaspartate was obtained from

Farmapol, Poland. Citalopram hydrobromide and tia-

neptine were kindly provided by H. Lundbeck A/S

and Servier Poland, respectively.

Slice preparation and recording

Slice preparation was conducted 48 h after last treat-

ment session, as described in detail elsewhere [8, 36].

Briefly, rat brains after dissection were immersed in

ice-cold artificial cerebrospinal fluid (ACSF) of the

following composition (in mM): NaCl (130), KCl (5),

CaCl2 (2.5), MgSO4 (1.3), KH2PO4 (1.25), NaHCO3

(26), and glucose (10), bubbled with carbogen (95%

O2, 5% CO2) to pH 7.4. Frontal cortical slices (thick-

ness: 450 �m) were cut in a coronal plane using a vi-

brating microtome and were stored submerged in

ACSF at room temperature. Recordings were per-

formed at 32 ± 0.5°C in a submersion-type chamber

superfused with a slightly modified ACSF ([NaCl] in-

creased to 132 mM and [KCl] decreased to 2 mM) at

2.5 ml/min.

A concentric bipolar Pt-Ir electrode (FHC, USA),

was used to deliver constant voltage stimuli (0.1 Hz,

0.3 s, 4–15 V). The electrode was placed 2 mm lateral

to the midline and 1.5 mm below the pial surface.

Field potentials were recorded from overlying sites,

0.2 mm below cortical surface, using glass micropi-

pettes filled with 2 M NaCl (2–5 M�). A slightly off-

radial (approx. 50 �m) placement of the recording and
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stimulating microelectrodes helped to diminish the

contribution of antidromic activation to recorded re-

sponses. Recordings were amplified (Axoprobe, Axon

Instruments, USA), bandpass filtered (1–500 Hz), ac-

quired on a PC computer using the 1401 interface

(CED, UK) and analyzed off-line using the Signal 2

software package (CED, UK).

For each slice, the recording was initially performed

in standard ACSF followed by 25 min in ACSF con-

taining 2 �M (±)-2-amino-4-methyl-5-phosphono-3-

-pentenoic acid (CGP-37849, Tocris, United King-

dom), to block NMDA receptors. Subsequently, to

block AMPA/kainate receptors, the slice was perfused

for 25 min with ACSF devoid of Mg2+ ions and con-

taining 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]-

quinoxaline-7-sulfonoamide (NBQX disodium salt,

Tocris, United Kingdom).

The effects of the treatments on the magnitude of

AMPA/kainate and NMDA receptor-mediated com-

ponents of field potentials were measured using half-

maximum responses, which were determined based

on stimulus-response curves in each condition.

Statistical analysis was carried out using one-way

ANOVA with post-hoc Tukey test.

Results

Incubation of rat frontal cortical slices, first in the

ACSF containing CGP-37849 and then in the ACSF

devoid of Mg2+ ions and containing NBQX, allowed

for pharmacological isolation of AMPA/kainate and

NMDA receptor-mediated components of the field

potential, respectively (Fig. 1), in agreement with ear-

lier results [8].

Treatment with imipramine (Fig. 2A) for 14 and 21

days induced a reduction of both the AMPA/kainate

and the NMDA components. Changes observed after

21 days of imipramine administration were not more

pronounced than those after 14 days. These changes

resulted in a decrease of the NMDA to AMPA/kainate

component ratio (Fig. 3A). Imipramine treatment last-

ing 7 days did not result in significant modifications

of recorded responses.

Treatment with citalopram (Fig. 2B) resulted in

a reduction of the AMPA/kainate component after

14 days and 21 days, but not after 7 days of drug

administration; however, the change observed after

21 days of citalopram administration was not larger

than the changes seen after just 14 days. Similarly, in

the case of the NMDA component, a significant re-

duction was observed after citalopram treatment last-

ing 14 days and 21 days (Fig. 2B). These effects re-

sulted in a decrease of the NMDA to AMPA/kainate

component ratio after 14 days and 21 days of the

treatment (Fig. 3B). Interestingly, 7 days of citalo-

pram treatment induced an increase of the NMDA

component (Fig. 2A), which resulted in an increase in

the NMDA to AMPA/kainate component ratio at this

timepoint (Fig. 3B).

A reduction of the AMPA/kainate component was

evident already after 7 days of repetitive tianeptine

treatment. This component remained low after treat-

ments lasting 14 and 21 days (Fig. 2C). The effect ob-

served after 14 days of tianeptine administration was

larger than those after 7 and 21 days of treatment.

Changes of the NMDA component were significant

after 14 and 21 days of treatment (Fig. 2C). These ef-

fects resulted in an increase of the NMDA to

AMPA/kainate component ratio after 7 days of tia-

neptine treatment and a reduction of this ratio after

21 days of the treatment (Fig. 3B). The NMDA to

AMPA/kainate ratio was unchanged after tianeptine

treatment lasting 14 days.

Zinc hydroaspartate administered for 7, 14 and 21

days induced a reduction of the AMPA/kainate com-

ponent (Fig. 2D). A reduction of the NMDA compo-

nent was also evident after treatments lasting 7 and

14, but not 21 days (Fig. 2D). There was no change in

the NMDA to AMPA/kainate ratio after 7 and 14 days

of zinc treatment, but after 21 days of treatment, this

ratio was increased relative to control.
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Fig. 1. Examples of recordings from a representative experiment.
Shown are averages (n = 3) of half-maximum responses evoked in
a single slice. (A) Field potential recorded in standard ACSF. (B) The
response in ACSF containing CGP-37849 (labeled: AMPA/kainate
component). (C) The response in ACSF containing NBQX and de-
void of Mg2+ (labeled: NMDA component)



There was a slight, but insignificant decrease in the

magnitude of both components after ECS was applied

5 times. In contrast, treatment with ECS times applied

every day for 10 days significantly reduced both the

AMPA/kainate and the NMDA components (Fig. 2E),

resulting in a reduction of the NMDA to AMPA/kai-

nate component ratio (Fig. 3E).
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Fig. 2. Effects of treatment on the AMPA/kainate component (shaded
bars) and the NMDA component (black bars) of responses recorded
in ex vivo slices. Bars indicate a relative change (± SEM) in the ampli-
tude of responses compared to control. (A) imipramine, (B) citalo-
pram, (C) tianeptine, (D) zinc hydroaspartate, (E) electroconvulsive
shock. Numbers on shaded bars indicate the number of slices in each
group. The number of slices tested for both the AMPA/kainate and the
NMDA components are the same. * p < 0.05, # p < 0.01, ANOVA

Fig. 3. Effects of treatment on the amplitude ratio of the NMDA to
AMPA/kainate components compared to control. (A) imipramine,
(B) citalopram, (C) tianeptine, (D) zinc hydroaspartate, (E) electro-
convulsive shock. Number of slices tested – as in Figure 2. * p < 0.05,
# p < 0.01, ANOVA



Discussion

These results extend our previous finding that repeti-

tive treatments for 14 days with imipramine or citalo-

pram result in a reduction of the magnitude of both

AMPA/kainate and NMDA components of the field

potential in rat frontal cortex, which persists for at

least 2 days after the last administration of the drug

[8]. The present data demonstrate a slow timecourse

of the development of imipramine- and citalopram-

induced adaptive changes, since the reduction of re-

corded responses was evident after 14 and 21 days,

but not 7 days, of daily drug administration. A devel-

opment of the effect, involving a decrease of both

components of the field potential, was also evident in

the case of ECS, where a decrease in the magnitude of

responses occurred after ECS was repeated ten, but

not five, times. The reductions of field potentials due

to an atypical antidepressant, tianeptine, and a poten-

tially antidepressive substance, zinc hydroaspartate,

appeared faster and became evident after 7 days of

treatment.

The underlying mechanisms may potentially in-

volve both presynaptic modifications of glutamate re-

lease mechanisms and postsynaptic modifications of

receptor properties. We have recently demonstrated

that, in cortical slices obtained from rats treated with

imipramine for 14 days, the mean frequency and the

mean amplitude of spontaneous excitatory postsynap-

tic currents (sEPSCs) in layer II/III pyramidal neurons

were decreased. Imipramine treatment resulted in

a prolongation of the rise and of the decay time con-

stants of sEPSCs. Moreover, the treatment resulted in

a reduction of the ratio of pharmacologically isolated

NMDA to AMPA/kainate receptor-mediated stimula-

tion-evoked excitatory postsynaptic currents. It has

been concluded that imipramine induced mainly an

attenuation of glutamate release from presynaptic ter-

minals as well as an alteration of the reactivity of

postsynaptic glutamate ionotropic receptors [34].

A decreased potassium- or veratridine-stimulated glu-

tamate outflow in rat prefrontal cortex, consistent

with a reduced release of synaptic glutamate, has also

been reported to occur after repeated administration

of imipramine [19] or citalopram [15].

The magnitude of adaptive changes seen in the

present study differed between AMPA/kainate and

NMDA components of the field potential, and thus

these changes often resulted in modifications to the

ratio of the components’ amplitudes. Since a decreased

glutamate release should affect both components to

a similar degree, these effects are likely to result from

adaptive processes modifying the functions of post-

synaptic AMPA/kainate and NMDA receptors sepa-

rately. Reductions in the NMDA to AMPA/kainate ra-

tio were evident after 14 and 21 days of imipramine

and citalopram administration and after tianeptine

treatment lasting 21 days. On the other hand, 7 days

of tianeptine and 21 days of zinc administration re-

sulted in an increase in the NMDA to AMPA/kainate

amplitude ratio. ECS repeated for 10, but not 5 days,

also resulted in a decrease in the ratio of NMDA to

AMPA/kainate components. Citalopram administra-

tion lasting 7 days resulted in a selective increase in

the NMDA component, an effect that never occurred

with other treatments and is hard to interpret. Collec-

tively, these results suggest that the mechanisms un-

derlying the effects of tested antidepressant treat-

ments on the reactivity of postsynaptic ionotropic glu-

tamate receptors are likely to be different.

Data regarding molecular mechanisms underlying

the effect of antidepressants on glutamatergic trans-

mission are scarce. In rat hippocampus, antidepres-

sant drugs modify the interactions between syntaxin 1

and �-calcium/calmodulin-dependent protein kinase

II as well as between syntaxin and Munc-18 [9]. Anti-

depressants also interfere with the function of pre-

synaptic CaM kinase II [3]. These effects are likely to

reduce the release of glutamate, which may account

for a majority of the effects seen in the present study.

A reduced release may also explain an apparent in-

consistency of the present results, showing antide-

pressant treatment-induced decreases in the AMPA/

kainate component of field potentials, with the re-

ported antidepressant-induced increased expression of

AMPA receptors [18] and antidepressant effects of

ampakines, potentiators of AMPA receptor currents

(reviewed in [1, 2]). The mechanism of action of anti-

depressant drugs may also involve altered phosphory-

lation of AMPA receptors [33]. Available data suggest

different antidepressant-induced specific and region-

ally discrete changes in the expression of certain

subunits of the AMPA receptor [4, 12, 18]. However,

a selective decrease of the AMPA/kainate component

of the field potential, seen in the present study in the

case of tianeptine treatment for 7 days, indicates that

in this particular case, while the release of glutamate

remained unchanged, the number or functional prop-

erties of postsynaptic NMDA receptors underwent
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downregulation. The effects of zinc hydroaspartate

administration might be related to known interactions

of Zn2+ with certain types of NMDA and AMPA re-

ceptors (reviewed in [26]). Interestingly, the mecha-

nism of action of antidepressants on glutamate iono-

tropic receptors might involve activation of � recep-

tors (reviewed in [5]).

Thus, our results indicate that repetitive treatment

with antidepressants, zinc salt and electroconvulsive

shocks results in an attenuation of glutamatergic syn-

aptic transmission in the cerebral cortex; however, the

dynamics of the effects of these treatments vary.
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