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Abstract:

Preclinical data indicate the involvement of glutamatergic and serotonergic pathways in the antidepressant activity of zinc. The pres-
ent study investigated alterations in N-methyl-D-aspartate (NMDA)/glutamatergic and serotonergic receptors (using radioligand
binding) induced by chronic treatment (14-day) with zinc hydroaspartate (65 mg/kg). Moreover, the mRNA and protein levels of
brain-derived neurotrophic factor (BDNF) were also assessed. Chronic zinc administration reduced the affinity of glycine to
glycine/NMDA receptors in the rat frontal cortex and increased the density of 5-HT�� and 5-HT�� serotonin receptors in the hippo-
campus and frontal cortex, respectively. These receptor alterations may be in part due to increased BDNF mRNA and protein levels
in the rat frontal cortex. These results indicate that chronic zinc treatment alters glutamatergic and serotonergic systems, which is a
hallmark of clinically effective antidepressants.
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Introduction

Chronic treatment with antidepressants is necessary to
achieve clinical efficacy and to induce adaptive changes
that are required for therapeutic action [23, 30].

Many studies have indicated that alterations in the
NMDA receptors contribute to the treatment of de-

pression. Antidepressant drugs and electroconvulsive
shock therapy (ECS) produce consistent adaptive
changes in the N-methyl-D-aspartate (NMDA) recep-
tor complex [13, 33]. Of these, one of the best-
characterized alterations is the “down-regulation” of
the glycine site of this receptor complex [19, 22, 26, 27].

Research on antidepressant-induced adaptation in
serotonergic receptors has revealed inconsistent al-
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terations in the density of 5-HT1A or 5-HT2A recep-
tors. Whereas repeated treatment with imipramine,
mianserin and citalopram increases the density of
5-HT1A in the hippocampus [9, 10, 25], paroxetine
decreases the density of this receptor [15]. In com-
parison, the density of 5-HT2A in the rat cortex is de-
creased after chronic treatment with imipramine, mi-
anserin, paroxetine and citalopram and increased after
repeated treatment with fluoxetine [10, 15].

Recent data indicate that zinc is involved in the pa-
thophysiology of depression and the mechanism of
action of antidepressant drugs. Preclinical studies
have demonstrated the antidepressant-like activity of
zinc in screening tests and models of depression. In-
deed, zinc influences the forced swim test (FST), tail
suspension test (TST) [11, 12, 21, 29], olfactory bul-
bectomy [21], chronic unpredictable stress [4] and
chronic mild stress [34]. Moreover, clinical studies
suggest that zinc supplementation may enhance anti-
depressant therapy, particularly for the treatment re-
sistant unipolar depressed patients [20, 32].

Recent data also indicate that the mechanism of
antidepressant-like action of zinc involves interaction
with the NMDA receptor complex, especially at the
glycineB site. The activation of the glycineB co-
transmitter site of the NMDA receptor complex by
D-serine abolishes the antidepressant-like activity of
zinc in FST [28]. The involvement of the serotonergic
system in the antidepressant activity of zinc has also
been observed. The synergistic effect of zinc was
shown by citalopram and fluoxetine in FST [35, 38]
and by fluoxetine in TST [6]. Moreover, lesioning of
the serotonergic system, induced by p-chloro-
phenylalamine, counteracts the antidepressant-like ef-
fects induced by zinc [38]. In the present study, we in-
vestigated the effect of two-week zinc hydroaspartate
treatment on glutamatergic Gly/NMDA and seroto-
nergic 5-HT1A and 5-HT2A receptors in the rat brain.

Materials and Methods

Animals and drug treatment

All procedures were conducted according to the NIH
Animal Care and Use Committee guidelines, and ap-
proved by the Ethical Committee of the Collegium
Medicum Jagiellonian University, Kraków, Poland.

Male Wistar rats (220–250 g) were housed under a
12 h light/dark cycle (lights on at 07:00 h) with free
access to food and water. Zinc hydroaspartate
(65 mg/kg, ip) or 0.9% NaCl (control) was adminis-
tered once daily for 14 days. Twenty-four hours after
the last administration, the animals were decapitated,
their brains were removed, and hippocampi and corti-
ces (frontal cortex) were dissected and immediately
frozen over solid CO2. The frozen tissue was stored at
–80°C for 2–6 weeks before the assay.

[3H]L-689,560 binding to glycine/NMDA receptors

[3H]L-689,560[(±)-4-(trans)-2-carboxy-5,7-dichloro-
4-phenylaminocarbonylamino-1,2,3,4-tetrahydroquino-
line] binding to strychnine-insensitive glycine/NMDA
receptors was performed as described previously [7].
Cerebral cortical tissues were thawed in 20 volumes
of ice-cold 50 mM Tris-HCl buffer (pH 7.0), homoge-
nized and centrifuged at 20,000 × g for 20 min
(0–4°C). The resulting supernatant was discarded and
the pellet was resuspended and centrifuged three
times. Radioligand binding assays were performed in
plates (MultiScreen, Millipore, Bedford, MA, USA).
The incubation mixture was brought to a final volume
of 0.3 ml and consisted of 240 µl membrane suspension
(~0.1 mg of protein), 30 µl of a 1 nM [3H]L- 689,560
and 30 µl buffer containing eight concentrations
(ranged 10–11–10–4 M) of glycine. The incubation
mixture also contained 1 mM zinc in assays examin-
ing the effect of zinc in vitro. The non-specific bind-
ing was defined in 1 mM glycine. The assay mixture
was incubated for 1 h at 0°C and the reaction termi-
nated by rapid filtration over glass fiber filters (GF/C,
Whatman, Maidstone, UK), washed twice and placed
in scintillation vials with liquid scintillation cocktail.
Radioactivity was measured in a WALLAC 1409
DSA liquid scintillation counter. All assays were per-
formed in duplicate.

5-HT1A receptor binding experiments

Hippocampal tissue was homogenized in 20 vol. of 50
mM Tris-HCl buffer (pH 7.7 at 25°C) and centrifuged
at 10,000 × g for 10 min. The resulting pellet was re-
suspended in the same quantity of buffer, preincu-
bated at 37°C for 10 min and centrifuged for 10 min.
The final pellet was resuspended in Tris-HCl buffer
containing 10 µM pargyline, 4 mM CaCl2 and 0.1%
ascorbic acid. The assay mixture (total volume of 1.2 ml)
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contained the membrane suspension (~0.2 mg of pro-
tein), 5 concentrations of [3H]-8-hydroxy-2-(di-n-
propylamino)-tetralin ([3H]-8-OH-DPAT, 1.4–14 nM)
and buffer and/or 10 µM serotonin (nonspecific bind-
ing). Tubes were incubated at 37°C for 20 min, and
the experiment was terminated by filtration through
Whatman GF/B glass filters and washed three times
with 5 ml of cold Tris-HCl buffer. Radioactivity was
measured in a WALLAC 1409 DSA – liquid scintilla-
tion counter. All assays were done in duplicate.

5-HT2A receptor binding experiments

The cerebral cortical tissue was homogenized in 20
vol. of 50 mM Tris-HCl buffer (pH 7.7 at 25°C) and
centrifuged at 20,000 × g for 20 min. The resulting
pellet was resuspended in the same quantity of buffer,
preincubated at 37°C for 10 min and centrifuged for
20 min. The assay mixture (total volume of 1.2 ml)
contained the membrane suspension (~0.3 mg of pro-
tein), 5 concentrations of [3H]-ketanserin (0.5–6 nM)
and buffer and/or 1 µM mianserin (nonspecific bind-
ing). Tubes were incubated at 37°C for 20 min, and
the reaction terminated by filtration through Whatman
GF/B glass filters, and washed three times with 5 ml
of cold Tris-HCl buffer. Radioactivity was measured
in a WALLAC 1409 DSA – liquid scintillation coun-
ter. All assays were done in duplicate.

Northern blot analysis of BDNF mRNA

Brain-derived neurotrophic factor (BDNF) mRNA
levels were determined according to Legutko et al.
[14]. Total RNA was extracted using TRIzol Reagent
(Life Technologies). Northern blot analysis was per-
formed with 10 µg of total RNA, separated on a 1%
denaturing agarose-formaldehyde gel, transferred
subsequently to a nylon membrane (Nytran, Schlei-
cher and Schuell) and immobilized by ultraviolet
(UV) radiation. A probe for rat BDNF was generated
by polymerase chain reaction (PCR) from cDNA, us-
ing the primers: 5’-ACTCTGGAGAGCGTGAATGG-3’
and 5’-CAGCCTTCCTTCGTGTAACC-3’. Hybridi-
zation was performed in Church’s buffer at 65°C
overnight. Hybridized filters were washed for 30 min
in 2x saline-sodium citrate (2xSSC) buffer/0.1% so-
dium dodecyl sulfate (SDS) at room temperature and
30 min in 0.1 × SSC/0.1% SDS at 55°C. Afterwards,
the blots were exposed. Following exposure, the fil-
ters were stripped (washed 3 times in 0.1xSSC/0.1%

SDS at 100°C for 10 min), and re-hybridized with
[[b]]-actin cDNA probe (Clontech) to normalize RNA
loading. Northern blots were analyzed quantitatively
with a PhosphorImager (Image Gauge 4.0, Fuji).

Western blot analysis of the BDNF protein

Tissue was homogenized on ice in 2% SDS, dena-
tured for 10 min at 95°C, and centrifuged for 5 min at
10,000 RPM at 4°C. The protein concentration in the
supernatant was determined using the bicinchoninic
acid (BCA) method, (Pierce). Samples containing 20 µg
of protein were fractionated by 12.5% SDS-poly-
acrylamide gel electrophoresis and transferred to ni-
trocellulose membranes (Invitrogen, Paisley, UK).
Membrane blots were blocked in 10% non-fat
milk/TBS-T for 30 min and incubated overnight at
4°C with polyclonal rabbit anti-BDNF antibody (di-
luted 1:500, Santa Cruz Biotechnology, Santa Cruz,
CA, USA). Membranes were washed with TBS-T and
incubated for 30 min at room temperature with a goat
horseradish peroxidase-conjugated anti-rabbit IgG
(diluted 1:25,000, Upstate/Millipore, Lake Placid,
NY, USA). Antibody detection was performed with
an enhanced chemiluminescence reaction (ECL West-
ern blotting detection, Amersham Life Science). The
BDNF signal was visualized and quantified with the
FUJI-LAS 1000 system and Fuji Image Gauge v. 4.0
software. To confirm equal loading of samples on the
gel, the blots were incubated for 30 min with a mouse
anti-�-actin antibody (diluted 1:1,000, Sigma). The
density of each BDNF protein band was normalized
to the density of the �-actin band.

Data analysis and statistics

Radioligand binding data were analyzed using itera-
tive curve fitting routines (GraphPAD/Prism, Version
3.0 – San Diego, CA, USA). Group differences were
assessed using an unpaired t-test or two-way analysis
of variance (ANOVA) followed by the Bonferroni
post-test. Data were deemed significant when p < 0.05.

Results and Discussion

Our previous study showed the antidepressant-like ac-
tivity of zinc in animal models of depression [36].
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Moreover, we demonstrated the involvement of
NMDA/glutamate-mediated neurotransmission in the
mechanism of this activity [28, 37]. In our present
study, chronic treatment with zinc induced an 88%
increase in the IC50 value (reduction in affinity) of
glycine in displacing [3H]L-689,560 binding to
glycine/NMDA (GlycineB) sites in the rat frontal cor-
tex in the presence of zinc in the incubation media
(Fig. 1B). This effect was not observed in an assay
without zinc addition (Fig. 1A). Two-way ANOVA re-
vealed a significant effect of zinc treatment F(1,13) =
9.900, p = 0.0077, and a significant effect of zinc
(1 mM) application to the incubation media F(1,13) =
8.579, P = 0.0117 and a significant interaction F(1,13)
= 6.127, p = 0.0279. Moreover, chronic zinc treatment
did not affect specific [3H]L-689,560 binding (data
not shown). The reduction in glycine affinity to
glycineB sites within NMDA receptor complex is

a well-characterized alteration in this receptor com-
plex induced by established antidepressants and ECS
[19, 22, 26, 27]. Initially, [3H]5,7-dichlorokynurenic
acid (5,7-DCKA) was used to study the adaptation of
the glycine/NMDA receptor [19, 22, 26, 27]. Re-
cently, we demonstrated that when [3H]L-689.560 is
used, a saturation concentration (1 mM) of zinc in the
medium is required to detect imipramine-induced re-
duction in glycine affinity to its binding sites within
NMDA receptors in the rat cortex [7].

The glycineB site is preferentially located on the
NR1 subunit [16] of the NMDA receptor complex and
high affinity sites for L-689,560 are located on
NMDA NR1/NR2A receptors [1]. Zinc inhibits NMDA
NR1/NR2A receptors with high potency, while recep-
tors containing NR1/NR2B subunits are inhibited by
this ion with low potency [24, 39]. Saturation of low
(and presumably high) affinity zinc binding sites by
1 mM Zn2+ reduces glycine affinity in chronic imi-
pramine-[7] or zinc-treated (this study) cortical tissue.
Thus, this experiment demonstrates alterations in the
interaction between NR1/NR2A and NR1/NR2B
subunits of the NMDA receptor complex induced by
chronic antidepressant treatment. However, this possi-
bility requires further investigation.

The results of our radioligand binding study were
recently confirmed by electrophysiological experi-
ments that indicate the attenuation of glutamatergic
synaptic transmission in the cerebral cortex after
chronic antidepressant and zinc treatment. Repeated
treatment with zinc, similarly to imipramine, citalo-
pram or tianeptine, decreased the amplitude of phar-
macologically isolated NMDA receptor-mediated
components of the field potential [2].

The importance of serotonin neurotransmission in
depression and in the action of antidepressants was
proposed more than 40 years ago [31]. Much of the
evidence for a role of serotonin in depression comes
from alterations in 5-HT1A and 5-HT2A receptors. Pre-
clinical data have shown increased 5-HT1A receptor-
mediated hippocampal transmission after chronic
treatment with antidepressants [3]. In addition, desen-
sitization of 5-HT1A autoreceptors plays a fundamen-
tal role in the delayed onset of antidepressant efficacy
seen with all classes of antidepressants [5]. Down-
regulation of 5-HT2A receptors is also a consistent
change observed in the serotonin system following
chronic tricyclic antidepressant. However, ECS treat-
ment increases 5-HT2A receptor density rather than
decreasing it [5].
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Fig. 1. The effect of chronic zinc administration on glycine
displacement of [�H]L-689,560 binding to NMDA receptors in the rat
frontal cortex. Zinc hydroaspartate (65 mg/kg) or saline was adminis-
tered once a day for 14 days. The [�H]L-689,560 displacement by
glycine from NMDA receptors was performed in the absence (A) and
in the presence of 1 mM Zn�� (B) in the incubation media. * p < 0.05
vs. control vehicle-treated (CON) group. Results are expressed as
the mean ± SEM of 4-5 animals per group



Recent reports indicate that serotonin transmission
is involved in the antidepressant-like activity of zinc
in TST and FST [6, 38]. The present study demon-
strates that chronic zinc treatment increases (by 94%)
the density of [3H]-8-OH-DPAT bound to 5-HT1A re-
ceptors [t(4) = 4.3268, p = 0.0124, Fig. 2A]. The
ligand affinity was not significantly altered by this
treatment (KD values for control and zinc groups were
5.8 ± 1.6 and 9.6 ± 2.1 nM, respectively). Similarly,
chronic zinc treatment increased (by 55%) the density
of [3H]-Ketanserin bound to 5-HT2A receptors [t(8) =
3.074, p = 0.0153, Fig.2B] but did not alter the affin-
ity (KD values for control and zinc groups were 0.70 ±
0.18 and 0.61 ± 0.10 nM, respectively). Thus, zinc in-

duces enhancement of 5-HT1A receptor density, which
is similar to the effect evoked by most antidepres-
sants, while an increase in the density of 5-HT2A re-
ceptors indicates an outcome similar to ECS but not to
antidepressant pharmacotherapy [5]. The present data
strongly indicate the participation of serotonin transmis-
sion in the mechanism antidepressant action of zinc.

Recent studies suggest that the mechanism of ac-
tion of antidepressants includes alterations in the
mRNA and protein levels of BDNF [17]. Our present
study demonstrated that chronic treatment with zinc
induces a 35% increase in cortical BDNF mRNA
[t(10) = 2.700, p = 0.0223, (Fig. 3A and 4A)], and in-
duces a 38% increase in BDNF protein [t(11) = 2.494,
p = 0.0298, (Fig. 3B and 4B)]. No significant altera-
tions in these parameters were demonstrated in the
hippocampus (Fig. 3 and 4). These data confirm our
previous results [18], which showed that two weeks
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Fig. 2. The effect of chronic zinc administration on the density of
[�H]8-OH-DPAT binding to 5-HT�� receptors in the rat hippocampus
(A) and [�H]ketanserin binding to 5-HT�� receptors in the rat frontal
cortex (B). Zinc hydroaspartate (65 mg/kg) or saline was administered
once a day for 14 days. * p < 0.05 vs. control vehicle-treated (CON)
group. Results are expressed as the mean ± SEM of 3-5 animals per
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of zinc hydroaspartate (65 mg/kg; ~11.5 mg Zn/kg)
treatment increases the levels of BDNF mRNA level
only in the cortex. Moreover, our present data is con-
sistent with data published by Franco et al., who also
found an increase in BDNF expression in the cerebral
cortex but not in the hippocampus, after chronic treat-
ment with zinc (zinc chloride, 30 days, 300 mg/l in
drinking water; ~15 mg Zn/kg) [8]. In both studies,
high doses of zinc were used. Our recent study [34]
demonstrated that administration of zinc hydroaspar-
tate at a dose of 10 mg/kg (~1.8 mg Zn/kg) increases
hippocampal BDNF mRNA levels after 1, 2 or 5
weeks of treatment, whereas five weeks of zinc ad-
ministration is required to increase cortical BDNF. A
similar effect was also observed in BDNF protein lev-
els. Thus, present findings together with previous re-
ports [8, 18, 34] further indicate the differential ef-
fects of low and high doses of zinc on hippocampal
and cortical BDNF expression.

In summary, the present report demonstrates adap-
tive changes in Gly/NMDA glutamatergic, 5-HT1A

and 5-HT2A serotonergic receptors, and in BDNF ex-
pression, which further indicate the crucial role of
these proteins in the mechanism(s) of action of zinc.
These changes resemble adaptive changes evoked by
antidepressant treatment, which supports potential
value of zinc in the treatment of depression.
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