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Abstract: Clinical and preclinical studies indicate that zinc (Zn) is an essential factor in the development
and treatment of major depressive disorder (MDD). Conventional monoamine-based antidepressants
mobilize zinc in the blood and brain of depressed patients as well as rodents. N-methyl-D-aspartate
acid receptor (NMDAR) antagonists exhibit antidepressant-like activity. However, not much is
known about the antidepressant efficacy of NMDAR antagonists in zinc-deficient (ZnD) animals.
We evaluated the antidepressant-like activity of two NMDAR antagonists (ketamine; global NMDAR
antagonist and Ro 25-6981 (Ro); selective antagonist of the GluN2B NMDAR subunit) in ZnD rats
using the forced swim test (FST) and sucrose intake test (SIT). A single dose of either Ro 25-6981
or ketamine normalized depressive-like behaviors in ZnD rats; however, Ro was effective in both
tests, while ketamine was only effective in the FST. Additionally, we investigated the mechanism of
antidepressant action of Ro at the molecular (analysis of protein expression by Western blotting) and
anatomical (density of dendritic spines by Golgi Cox-staining) levels. ZnD rats exhibited decreased
phosphorylation of the p70S6K protein, and enhanced density of dendritic spines in the prefrontal
cortex (PFC) compared to control rats. The antidepressant-like activity of Ro was associated with
the increased phosphorylation of p70S6K and ERK in the PFC. In summary, single doses of the
NMDAR antagonists ketamine and Ro exhibited antidepressant-like activity in the ZnD animal model
of depression. Animals were only deprived of Zn for 4 weeks and the biochemical effects of Zn
deprivation and Ro were investigated in the PFC and hippocampus. The shorter duration of dietary
Zn restriction may be a limitation of the study. However, future studies with longer durations of
dietary Zn restriction, as well as the investigation of multiple brain structures, are encouraged as a
supplement to this study.
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1. Introduction

Major depressive disorder (MDD) is a serious medical problem that generates enormous economic
and social costs globally. The morbidity associated with this disease has been on the increase [1–3] and
therefore presents a considerable challenge in terms of effective treatment strategies.
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There are still gaps in the understanding of the biological mechanisms underlying MDD, with no
definitive therapy at the moment. Currently used monoamine-based antidepressant drugs are not
effective in a high percentage of people who suffer from MDD [4]. Meanwhile, the crucial biological
factors involved in the pathophysiology of MDD are not known. Therefore, new studies on more
effective therapies for MDD and a better explanation of the social and biological causes of this illness
are warranted.

Some evidence indicates that lifestyle, including diet, maybe a risk factor for the development of
MDD [5]. Among others, decreased dietary intake of Zn may be a risk factor for the development of
MDD. A few epidemiological reports have suggested an association between MDD and decreased
dietary Zn intake [6,7]. Other studies have shown negative correlations between reduced serum Zn
levels and the severity of MDD symptoms [8,9]. Additionally, decreased serum Zn levels have been
reported in MDD patients [10–13]. Interestingly, in some MDD patients, blood Zn levels have been
normalized after antidepressant treatment [14]. Both the lack of zinc normalization and reduced blood
zinc levels have also been described in patients with refractory depression [9,15,16]. The role of Zn in
the development of MDD symptoms is equally evident in preclinical paradigms. Chronic dietary Zn
restriction evoked depressive-like symptoms in mice, with increased immobility time in the forced
swim test (FST) and the tail suspension test [17–19].

Similar behavioral consequences of zinc deficiency have been reported in rats. Rats fed with a
low Zn diet exhibited longer immobility time in the FST, reduced sucrose intake, and reduced social
interactions [20–22]. Increased immobility time in the FST in ZnD rats was normalized by two weeks of
treatment with the serotonin selective reuptake inhibitor (SSRI) fluoxetine [21]. However, it should be
emphasized that the relationship between ZnD and the efficacy of particular antidepressant strategies
is not fully understood.

Recently, ketamine and other NMDAR antagonists have been extensively evaluated as potential
antidepressant drugs [23,24]. In clinical studies, a single dose of ketamine induced rapid and
long-lasting antidepressant response [25,26]. What is very important and unique is that ketamine or
its enantiomer (S)-ketamine was also effective in the treatment of resistant depression [25–28] and
MDD with suicidal ideations [29–31]. Moreover, ketamine and other NMDAR antagonists such as
Ro and MK-801 reversed behavioral abnormalities in animal models of depression [32,33]. Because
ZnD causes behavioral abnormalities akin to chronic stress, we asked the question—do atypical
glutamate-antidepressant compounds such as ketamine and Ro exhibit antidepressant-like activity in
ZnD rats? This question is important because Zn is an endogenous antagonist of NMDAR and is released
alongside glutamate from zincergic neurons in brain regions such as the hippocampus (Hp) and PFC,
areas involved in mood regulation [34–37]. Furthermore, in contrast to classic antidepressants, NMDAR
antagonists (ketamine, MK-801) induce an antidepressant-like response in GPR39 receptor knockout
mice. GPR39 is an endogenous receptor that is positively modulated by Zn [38]. Therefore, these
results suggest that NMDAR antagonists can also be active under conditions where zinc-dependent
signaling pathways are disrupted. In other words, because NMDAR antagonists are effective in
GPR39 knockout mice, they may likely function independently of Zn levels as well. To address the
question concerning NMDAR antagonists in ZnD rats, we performed a few behavioral tests such
as SIT, FST, and locomotor activity (LA) test following the administration of a single dose of either
ketamine or Ro to rats exposed to 4 weeks of dietary Zn restriction. Based on our results, we chose Ro
to carry out biochemical and anatomical studies. The antidepressant-like activity of Ro is dependent
on the activation of intracellular signaling pathways such as extracellular regulated kinase (ERK),
p70S6K-dependent synthesis of synaptic proteins, including synapsin I and the GluA1 subunit of
glutamate α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) acid [33,39,40].
Both the ERK and p70S6K signaling pathways are involved in the synthesis of synaptic proteins
and remodeling of dendritic spines. Therefore, the goal of this study was to ascertain whether the
same molecular mechanisms are responsible for the antidepressant-like activity of Ro in ZnD rats.
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Consequently, we measured the expression of these proteins in the PFC, Hp, and investigated the
density of dendritic spines in the cingulate (Cg3) and infralimbic (IL) cortex.

2. Results

2.1. Effects of Ro and Ketamine on Immobility Time and Locomotor Activity of ZnD Rats

ZnD rats exhibited increased immobility time in the FST; however, ketamine and Ro decreased the
immobility time in these rats (Figure 1A–C). Both ketamine and Ro also reduced the immobility time
in zinc-adequate (ZnA) rats compared to control rats. The effects induced by Ro in the ZnD rats could
be nonspecific because of the increasing trend in locomotor activity observed after Ro administration
(Table 1). However, ketamine did not exhibit a similar effect in the LA test (Table 1). Both atypical
compounds (Ro and ketamine) showed potential antidepressant-like activity after a single dose.
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Figure 1. The effect of a single dose of ketamine (Ket) and Ro 25-6981 in the forced swim test (FST) in
rats subjected to zinc deficiency. (A) Experimental schedule of drug treatments and behavioral test.
Ketamine (10 mg/kg; i.p.), n = 8–10 (B) and Ro 25-6981 (10 mg/kg; i.p.), n = 8–9 (C) were administered
60 min before the FST. All data were analyzed by two-way ANOVA and Newman–Keuls multiple
comparisons test. Values are expressed as mean ± S.E.M. Two way ANOVA for ketamine showed
non-significant interaction [F (1, 32) = 1.794, p = 0.1899], the significant effect of ZnD [F (1, 32) = 35.4,
p < 0.0001], and the non-significant effect of ketamine [F (1, 32) = 0.6554, p = 0.4242]. Two way ANOVA
for Ro 25-6981 showed non-significant interaction [F (1, 31) = 0.1005, p = 0.7534], the significant effect of
ZnD [F (1, 31) = 15.38, p = 0.0005], and the significant effect of Ro 25–6981 [F (1, 31) = 15.94, p = 0.0004].
* p < 0.05 vs. ZnA + Veh; *** p < 0.001 vs ZnA + Veh; #### p < 0.0001 vs. ZnD + Veh; ## p < 0.01 vs. ZnD
+ Veh. ZnA—zinc adequate diet; ZnD—zinc deficient diet.

Table 1. Effect of zinc deficient diet (ZnD) and Ro 25–6981 and ketamine treatment on the locomotor
activity of rats.
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Experimental Group Locomotor Activity (10 min)

ZnA + NaCl 100 ± 9.28
ZnA + Ro 25–6981
ZnA + Ketamine

137.8 ± 39.01
76.22 ± 14.6

ZnD + NaCl 70.76 ± 5.03
ZnD + Ro 25–6981
ZnD + Ketamine

124.56 ± 12.3
66.93 ± 4.87

Locomotor activity (distance traveled in cm) was recorded for 10 min. and presented as % of
ZnA + NaCl. All data were analyzed by two way ANOVA and Newman–Keuls multiple comparisons
test. Values are expressed as mean ± S.E.M, (n = 5–7). Two way ANOVA showed non-significant
interaction [F (2, 30) = 0.2244, p = 0.8003], the significant effect of ZnD [F (2, 30) = 7.383, p = 0.0025],
and the non-significant effect of treatment [F (1, 30) = 1.742, p = 0.1969]. Values are expressed as mean
± SEM (n = 5–7).
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2.2. Effects of Ro and Ketamine on Sucrose Intake in Rats Subjected to Dietary Zn Restriction

To further evaluate the antidepressant potency of single doses of Ro and ketamine, we performed
the SIT. Only Ro significantly reversed the reduced sucrose intake in ZnD rats (Figure 2A,B). Although
ketamine followed a similar trend, the effect was not statistically significant. Based on these results,
we chose to perform further biochemical assays with Ro.
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Figure 2. The effect of a single dose of ketamine (Ket) and Ro 25–6981 on sucrose intake in rats subjected
to zinc deficiency. (A) Experimental schedule of drug treatments and behavioral test; (B) ketamine
(10 mg/kg; i.p.) and Ro 25–6981 (10 mg/kg; i.p.) were administered 60 min before the test. Data were
analyzed by two-way ANOVA and the Newman–Keuls multiple comparisons test. Values are expressed
as mean ± S.E.M. Two-way ANOVA showed significant interaction [F (2, 44) = 5.555; p = 0.0071],
the significant effect of ZnD [F (2, 44) = 7.268; p = 0.0019] and the non-significant effect of treatment [F
(1, 44) = 0.6351, p = 0.4298]. * p < 0.05 vs. ZnA + Veh; ### p < 0.001 vs. ZnD + Veh (n = 8–9).

2.3. Effects of Ro and ZnD on the Levels of Synaptic Proteins and ERK/p-70S6K Kinases

The antidepressant-like activity of Ro is dependent on the activation (by phosphorylation) of
intracellular proteins such as ERK and p70S6K, the effectors of mTOR and MAPK (mitogen activated
protein kinase) intracellular signaling pathways [39,40]. Moreover, p70S6K is involved in the process
of neuroplasticity which is associated with changes in synaptic proteins such as synapsin I or the
GluA1 subunit of AMPA receptors [39,40]. We determined the effects of Ro on the expression of these
proteins in the PFC and Hp, brain structures crucial in mood regulation (Figure 3A,B,G). Figure 3C
shows that dietary Zn restriction reduced the ratio of phospho-p70S6K (ph-p70S6K)/p70S6K in the
PFC. Administration of Ro reversed these effects. In contrast, ph-p70S6K/p70S6K and phospho-ERK
(p-ERK)/ERK ratios were not significantly altered by dietary Zn restriction (Figure 3D). However, Ro
enhanced these ratios in the PFC of ZnA and ZnD rats (Figure 3D). No significant changes were seen
in the expression of the rest of the proteins (Figure 3E–K).

2.4. Effects of Ro and ZnD on the Density of Dendritic Spines in the Medial Prefrontal Cortex (mPFC)

As shown in Figure 4A-B, ZnD enhanced the density of spines on the secondary and tertiary apical
dendrites compared to ZnA rats in the Cg3 cortex (Figure 4A) and the IL cortex (Figure 4B). Administration
of a single dose of Ro increased the density of dendritic spines in the Cg3 cortex (Figure 4A) and IL cortex
(Figure 4B) of ZnA rats. We did not find statistically significant effects of Ro on dendritic spine density in
the ZnD group, but there was a clear upward trend in ZnD rats treated with Ro.
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Figure 3. The effect of the administration of single dose of Ro 25–6981 on the expression of pS6K/S6K,
p-ERK/ERK, synapsin I and GluA1 subunit of AMPA receptors in the prefrontal cortex (PFC) and
hippocampus (Hp) of rats subjected to ZnD, n = 8–10; (A) experimental schedule; (B) representative
blots for PFC; (C–F) protein expression in PFC; (G) representative blots for Hp, * images from the same
part of the membrane; (H–K) protein expression in Hp. All data were analyzed by two-way ANOVA
and the Newman–Keuls multiple comparisons test. All values are expressed as mean ±S.E.M. PFC: (B)
pS6K/S6K: interaction [F(1,31) = 17.18, p = 0.0002]; effect of Ro 25–6981 [F (1, 31) = 6.335, p = 0.0172];
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effect of ZnD [F (1, 31) = 0.3069, p = 0.5836]; * p < 0.05 vs. ZnA, ### p < 0.001; (C) p-ERK/ERK: interaction
[(1, 32) = 0.0063, p = 0.9372]; effect of Ro 25–6981 [F (1, 32) = 14.76, p = 0.0005]; effect of ZnD [F
(1, 32) = 0.09003, p = 0.7661]; * p < 0.05 vs. ZnA, # p < 0.05 vs. ZnD; (D) Synapsin I: interaction [F
(1, 31) = 1.981, p = 0.1692]; effect of Ro 25–6981: [F (1, 31) = 1.411, p = 0.2439], effect of ZnD [F (1,
31) = 0.3487, p = 0.5591]; (E) GluA1: Interaction [F (1, 36) = 0.07359, p = 0.7877]; effect of Ro 25–6981 [F
(1, 36) = 0.2268, p = 0.6368], effect of ZnD [F (1, 36) = 0.01161, p = 0.9148]; Hp: (H) pS6K/S6K: interaction
[F (1, 32) = 1.979 × 10−6, p = 0.9989]; effect of Ro 25–6981 [F (1, 32) = 0.05986, p = 0.8083]; effect of ZnD
[F (1, 32) = 0.0851, p = 0.7724]; (I) p-ERK/ERK: interaction [F (1, 32) = 0.2892, p = 0.5944]; effect of Ro
25–6981 [F (1, 32) = 0.5073, p = 0.4815]; effect of ZnD [F (1, 32) = 0.8807, p = 0.3550]; (J) Synapsin I:
interaction [F (1, 32) = 2.334, p = 0.1364]; effect of Ro 25–6981: [F (1, 32) = 0.899, p = 0.3502], effect of
ZnD [F (1, 32) = 0.2022, p = 0.6560]; (K) GluA1: Interaction [F (1, 32) = 0.003627, p = 0.9523]; effect of Ro
25–6981 [F (1, 32) = 0.09773, p = 0.7566], effect of ZnD [F (1, 32) = 0.02311, p = 0.8801].
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Figure 4. The effect of a single dose of Ro 25-6981 on density of dendritic spines in the Cg3 cortex (A)
and IL cortex (B). Ro 25-6981 (10 mg/kg; i.p.) was administered 180 min before the decapitation, n = 5–6.
Data were analyzed by two-way ANOVA and the Newman–Keuls multiple comparisons test. Values
are expressed as mean ± S.E.M.; (A) two way ANOVA for Cg3 showed non-significant interaction [F (1,
17) = 0.2588, p = 0.6175], the significant effect of ZnD [F (1, 17) = 11.29, p = 0.0037], and the significant
effect of Ro 25–6981 [F (1, 17) = 6.498, p = 0.0207]; (B) Two way ANOVA for IL showed non-significant
interaction [F (1, 16) = 1.178, p = 0.2938, the significant effect of ZnD [F (1, 16) = 13.07, p = 0.0023] and
the significant effect of Ro 25–6981 [F (1, 16) = 4.692, p = 0.0457]. *p < 0.05 vs. ZnA + Veh.

3. Discussion

Both clinical and preclinical evidence indicates that lower intake of dietary of zinc may be
associated with MDD symptoms in humans and depressive-like behaviors in rodents [9,15,19,21].
Also, the negative relationship between serum Zn levels and the response to monoamine-dependent
antidepressant drugs in humans has been reported [9,15,16,21]. In contrast, a few preclinical studies
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have shown that chronic treatment with classic drugs such as fluoxetine or desipramine reversed the
depression phenotype induced by dietary Zn restriction in rats and mice [19,21].

From a mechanistic standpoint, we have previously shown that dietary Zn restriction in rats
reduced the levels of this microelement in the serum, Hp, and PFC of rats. The reduction was
accompanied by increased glutamate release in the PFC after KCl stimulation [19–21,41]. Since
Zn blocks NMDAR and is crucial for the proper functioning of glutamatergic/zincergic neurons in
the hippocampus and PFC [34–37,42], we wanted to find out whether Zn depletion has an impact
on the antidepressant response of glutamate-based atypical compounds. Thus, we examined the
antidepressant-like effects of single doses of fast-acting, atypical compounds (Ro and ketamine) in rats
subjected to 4 weeks of dietary Zn restriction. Both Ro and ketamine exert their primary effects through
interaction with the glutamate system, albeit differently. Ro selectively blocks NMDAR containing the
GluN2B subunit, while ketamine globally blocks NMDAR [43].

Here, we show that a single dose of ketamine and Ro reduced immobility time in ZnD rats
in the FST. Because Ro, in contrast to ketamine, showed the trend to enhance locomotor activity,
its antidepressant efficacy in the FST should be interpreted with caution, as these effects could be
nonspecific. Because we previously found that ZnD rats exhibited reduced sucrose intake compared to
ZnA animals [20], we further evaluated the antidepressant-like activity of both compounds in this
behavioral test. We confirmed our earlier observations that dietary Zn restriction decreases sucrose
intake. Moreover, we found that only Ro reversed the effect induced by ZnD in a statistically significant
manner. While ketamine also increased sucrose intake in ZnD rats, the effect was not statistically
significant. It is known that a single dose of either ketamine or other NMDAR antagonists like Ro
induces antidepressant-like potency in preclinical stress-related paradigms [32,44,45]. On the other
hand, classic antidepressant drugs like fluoxetine or desipramine are effective only after chronic
treatment [19,21]. Thus, our results suggest that ZnD may serve as a potential animal model of
depression with similar predictive validity to the better-known stress-dependent paradigms.

We also wanted to find out what kinds of mechanisms underlie the antidepressant-like activity of
NMDAR in ZnD rats. Because Ro was more potent than ketamine in the behavioral tests, we used Ro
for our biochemical experiments. There are indications that the potential antidepressant mechanism of
Ro involves the activation of intracellular signaling pathways such as ERK and mTOR/p70S6K and the
enhanced expression of synaptic proteins, including synapsin I or the GluA1 subunit of AMPAR [32,39].
The expression and activation of these proteins are crucial for the processes of neuroplasticity, which
are perturbed in animal models of depression [23]. Moreover, the disruption of neuroplasticity defined
as a decrease in synaptic plasticity-related proteins and reduced density of synaptic spines has been
reported in ZnD mice, induced by the chronic administration of clioquinol, a known Zn/copper
chelator [46]. Since a dysfunction in neural plasticity has been reported in the Hp and PFC in animal
models of depression [47,48], we chose these same regions for our assays. Our results reveal that ZnD
did not alter the expression of the GluA1 subunit of AMPAR, synapsin I, and p-ERK/ERK ratio in the
Hp or PFC. However, the ratio of ph-p70S6K/total p70S6K was significantly reduced in the PFC but
not Hp of ZnD rats. Importantly, a single dose of Ro restored the ratio of ph-p70S6K/total p70S6K in
ZnD rats. p70S6K regulates the translation of synaptic proteins like the GluA1 subunit of AMPAR or
synapsin I. Our results do not reveal any effect of Ro on the expression of synaptic proteins.

Nevertheless, we should mention that the brains used for protein expression studies were
harvested 1h after Ro treatment. Ro’s influence on the expression of synapsin I and the GluA1 subunit
are seen after 6 h after its administration [39]. Therefore, the effects induced by Ro may occur later.
Because the reduced activity of p70S6K may be associated with the decreased density of dendritic
spines, and that NMDAR antagonists increase the density of dendritic spines in animal models of
depression and naive rodents [49–51], we subsequently investigated the effects of ZnD and Ro on
this parameter in the medial prefrontal cortex (mPFC). Contrary to some other preclinical depression
paradigms [49–51], ZnD increased spine density in the mPFC (IL and Cg3 cortex). In addition, Ro
elevated spine density in control animals in a statistically significant manner. This trend was also
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observed in ZnD rats following treatment with Ro; however, this was not statistically significant. These
outcomes may suggest that the reduction in dendritic spine density in the mPFC is not involved in the
induction of depressive-like behaviors observed in ZnD rats.

Additionally, our studies showed that zinc deficiency induced by dietary Zn restriction evoked
different brain changes compared to that caused by chelators in mice (decreased density of spines).
Another aspect of the studies was the lack of association between spine density and the reduced ratio of
ph-p70S6K/totalp70S6K in ZnD rats. This phenomenon can be explained by the fact that spine density
can be controlled by the interplay between many intracellular signaling pathways, such as the ERK
mTOR/p70S6K pathway [52]. Therefore, the activity of ERK kinase is also very important for dendritic
spine formation. In ZnD rats, we did not observe alterations in the ratio of phospho-ERK/total ERK.
In stress-related paradigms, the reduction in cortical spine density correlated with decreased levels of
ERK and p70SK phosphorylation [52–54]. Thus, it is very plausible that proper dendritic spine density
requires the interaction of ERK and S6K kinases. Recently, we showed that ERK phosphorylation is
indispensable for Ro antidepressant-like activity [40]. Our results show that Ro treatment results in an
enhanced ERK phosphorylation in both ZnD and ZnA rats.

In summary, we have confirmed our previous observations that ZnD induced by dietary Zn
restriction evokes depressive-like behaviors in rats. These behavioral abnormalities are reversed by the
administration of a single dose of the NMDAR antagonist ketamine or Ro. The antidepressant-like
activity of Ro was associated with the activation of p70S6K and ERK kinases. Our results also
confirm that NMDAR antagonists activate intracellular signaling pathways involved in the processes
of neuroplasticity. However, the precise role of this signaling pathway in the formation of dendritic
spines in ZnD rats requires further studies. The current studies are important from a clinical standpoint,
as they focus on the fact that diet can be an important risk factor in the development of psychiatric
disorders like MDD. Moreover, these studies again confirmed that a single dose of an NMDAR
antagonist elicits antidepressant efficacy in preclinical conditions.

4. Material and Methods

4.1. Animals

The experiments were carried out on male Sprague-Dawley rats (Charles, River, Germany) kept
under standard laboratory conditions of lighting (light phase: 7:00–19:00) and temperature (19–21 ◦C),
with free access to water and food. All manipulations were carried out between 8:00 and 16:00. All
procedures in this study were performed according to the guidelines of the European Community
Council (Directive 86/609/EEC). The study was approved by the Ethics Committee of the Maj Institute
of Pharmacology at the Polish Academy of Sciences in Krakow (87/2016, 31.05.2016). All efforts were
made to minimize animal suffering and to reduce the number of animals used.

4.2. Drug Administration

The following drugs were used: ketamine (10 mg/kg) (Biowet Puławy, Poland) was administered
intraperitoneally (i.p); Ro 25-6981 maleate (10 mg/kg) (Tocris, Bristol, UK) dissolved in 10% DMSO
(Sigma Aldrich, St.Louis, MO, USA) was administered i.p; the control groups received physiological
saline (0,9% NaCl) (i.p) or 10% DMSO (i.p). For behavioral experiments, drugs were administered
one hour before each test. For Western blotting assays, drugs were also administered 1 h before
decapitation. Dendritic spine analysis was carried out in rats subjected to drug treatment 3 h before
decapitation. Drug doses were selected based on our preliminary studies and published data [39,40].

4.3. Forced Swim Test (FST)

The FST was carried out as previously described [55]. On day one of the experiment, animals
were individually placed in plexiglass cylinders (40 cm in height, 18 cm in diameter), containing 25 cm
of water maintained at 24–25 ◦C for a 15 min habituation period. After removal from water, animals
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were returned to their home cages. On the second day, the rats were placed again in the cylinders,
and the total duration of immobility was measured for a 5 min test period.

4.4. Locomotor Activity

Because some compounds may give non-specific responses in the FST (decreased immobility
time evoked by enhanced general locomotor activity), spontaneous locomotor activity was recorded
individually for each animal in Opto-Varimex cages (Columbus Instruments, USA) linked online to a
compatible IBM PC. Each cage (43 × 44 × 25 cm) was surrounded with a 15 × 15 array of photocell
beams located 3 cm from the floor surface. Interruptions of these photo beams resulted in horizontal
activity defined as the distance traveled. Locomotor activity was recorded for 10 min and analyzed
using the Auto-track software (Columbus Instruments, USA) and presented as the distance traveled
in cm.

4.5. Zinc Restriction

During the habituation phase, rats were fed a standard diet with 35 mg Zn/kg. Following the
habituation phase, the animals were divided into two groups; each group was fed a zinc adequate
diet of 50 mg Zn/kg or a zinc-deficient diet of 3 mg Zn/kg for 4 weeks. The animals were further
used in behavioral tests (experimentally naive subjects were used only once in each behavioral test) or
biochemical analysis. Diets were purchased from Altromin GmbH (Lage, Germany). The animals were
housed 5 per cage (except for the rats used in the sucrose intake test, which were housed individually)
in a controlled environment (temperature 22 ± 2 ◦C, 12 h light/dark cycle, 40–50% humidity) with free
access to food and water.

4.6. Sucrose Intake Test

Individually housed rats were fed the ZnA or ZnD diet for 4 weeks, following which the SIT
was carried out. A test session was preceded by a training session. Both the training and the test
sessions were conducted in home cages that were equipped with two bottles; one bottle contained a
1% sucrose solution, and the other contained sterile water. In the training session, the animals were
trained to consume the 1% sucrose solution for 48 h. To prevent the possible effects of side preference,
the positions of the bottles were switched every 12 h. Following the training session, sterile water was
provided for 6 h, while withholding food and water for the next 18 h. The test session was performed
24 h after the training session and lasted 1 h. Rats were given a choice between sterile water and the
1% sucrose solution. The sucrose intake of the rats was measured by weighing the pre-weighed bottles
at the end of the test.

4.7. Synaptosome Preparation and Western Blotting

Tissue samples were dissected from the PFC and homogenized in ice-cold lysis buffer (A) [0.32
M sucrose, 20 mM HEPES (pH 7.4) (Bioshop, Burlington, OA, Canada); 1 mM EDTA (Sigma Aldrich,
St. Louis MO, USA); 1X protease inhibitor cocktail (Sigma Aldrich, St. Louis, MO, USA), 5 mM
NaF (Sigma Aldrich, St. Louis, MO, USA) and 1 mM NaVO3 (Sigma Aldrich, St. Louis, MO, USA)].
Homogenates were then centrifuged at 2800 rpm for 10 min at 4 ◦C. The resultant pellet (nuclear
fraction) was resuspended in buffer A, and the supernatant was further spun at 12,000 rpm for 10 min
at 4 ◦C; the pellets obtained from this step were sonicated in protein lysis buffer (B) containing 50 mM
Tris HCl (pH 7.5) (Sigma Aldrich, St Louis, MO, USA), 150 mM NaCl (POCH Basic, Gliwice, Poland),
1% Triton X-100 (Bioshop, Burlington, OA, Canada), 0.1% SDS ((Sigma Aldrich, St. Louis, MO, USA),
2 mM EDTA, 1 mM NaVO3, 5 mM NaF and 1X protease inhibitor cocktail. Protein concentrations were
measured using a BCA kit (Thermo Scientific, Rockford, IL, USA)). Next, the proteins were separated
by SDS-PAGE and transferred to nitrocellulose membranes and blocked for 1 h in 1% blocking solution
[BM Chemiluminescence Western Blotting Kit (Mouse/Rabbit);Mannheim Germany]. After blocking,
the membranes were incubated overnight at 4 ◦C with the respective primary antibodies. The following
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antibodies were used: total and phospho-ERK (both at a dilution of 1:1000, phospho-Millipore,
Temecula, CA, USA, total-Cell Signaling, Leiden, Netherlands), total and phospho-p70S6K (pp70S6K,
Thr389) (respectively 1:1000 and 1:500, Abcam, Cambridge, UK), synapsin I (Abcam, Cambridge,
UK 1:1000), GluA1 AMPA (Abcam, Cambridge, UK, 1:1000), β-actin (Sigma Aldrich, St. Louis, MO,
USA, 1:12000). For the determination of the levels of total ERK and β-actin we used restore plus
stripping buffer (Thermo Scientific, Rockford, IL, USA). The following day, the membranes were
washed three times for 10 min in Tris-buffered saline with Tween (TBS-T) and incubated for 30 min
with anti-mouse/anti-rabbit-IgG-peroxidase conjugated antibodies. This set of secondary antibodies
was also a component of the BM Chemiluminescence Western Blotting Kit (Mouse/Rabbit) (Roche,
Mannheim, Germany). After incubation, the membranes were washed three times for 10 min with
TBS-T. In the last step, the blots were incubated with a detection reagent (Roche, Mannheim, Germany).
The signals from the tested proteins were visualized and measured using a Fuji-Las1000 system and
Fuji Image Gauge v.4.0 software. To check for transfer and loading, β-actin was indicated on each blot.
Each signal from the phospho and total protein was divided by its corresponding β-actin signal to
arrive at the final result (ratio of the optical density of a particular protein to that of β-actin). The data
on the graph are expressed as % of change vs. control.

4.8. Morphological Analysis of Dendritic Spines

In order to quantify dendritic spines, Golgi staining was performed using the FD Rapid
GolgiStainTM Kit (FD Neuro Technologies, Inc., Columbia, MD, USA) according to the manufacturer’s
instructions. Three hours after i.p. administration of Ro, treated and vehicle rats were deeply
anesthetized with pentobarbital, their brains were removed from the skull and rinsed in double-distilled
water. Brains were immersed in impregnation solution, made by mixing equal volumes of Solutions A
and B, overnight and then stored in fresh solution at room temperature (RT) in the dark for 2 weeks.
Next, brains were transferred into Solution C overnight and then stored in fresh solution at RT for 1
week in the dark. The brains were frozen on dry ice and sliced into 100 µm-thick frontal sections using a
freezing microtome (Reichert (N◦ 17169), Wien, Austria). The sections were mounted on gelatin-coated
slides (FD Neuro Technologies, Inc., Columbia, MD, USA). Dried sections were processed according
to the manufacturer’s instructions using Solutions D and E provided in the kit. The dendritic spines
were counted on the secondary and tertiary apical dendrites of neurons in the Cg3 and IL of the
medial prefrontal cortex (mPFC) using a light microscope (Leica, DMLB; Leica, Denmark) equipped
with a projecting camera (Basler Vision Technologies, Germany) and a microscope stage connected
to an xyz stepper (PRIOR ProScan) controlled by a computer using Visiopharm New CAST software
(Visiopharm, Denmark). The analyzed area was outlined under low magnification (×5), while spine
counting was performed under ×100 magnification within three stained sections from each animal (AP
= 3.20 to 2.20 mm from bregma) [56] using a randomized meander sampling. To ascertain relative spine
density, spines on multiple dendritic branches were counted to obtain an average spine number per 10
µm. The average value for each region, in each rat, was obtained, and five to six rats were analyzed
per group. Microphotographs were taken using a light microscope Nikon Eclipse E600 (Nikon, Japan),
equipped with a black and white camera (Leica Microsystems CMS, GmbH Germany) connected to a
computer running the Leica Application Suite (LAS) version 4.5 software.

4.9. Statistical Analysis

Data are presented as means ± SEM and evaluated using two way-ANOVA and Newman–Keuls
multiple comparison post hoc tests when appropriate. p < 0.05 was considered significant.

Author Contributions: B.P. and G.N. designed the studies. B.P. determined protein expression by Western Blotting
and analyzed the results. B.P., B.S. and A.R.-U. Performed behavioral studies. B.P. and H.D. performed Golgi-Cox
staining. H.D. analyzed dendritic spines density. B.P., B.S. and G.N. wrote the manuscript. All authors have read
and agreed to the published version of the manuscript.
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