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Abstract: Due to their potent antibacterial properties, silver nanoparticles (AgNPs) are widely used
in industry and medicine. However, they can cross the brain–blood barrier, posing a risk to the
brain and its functions. In our previous study, we demonstrated that oral administration of bovine
serum albumin (BSA)-coated AgNPs caused an impairment in spatial memory in a dose-independent
manner. In this study, we evaluated the effects of AgNPs coating material on cognition, spatial
memory functioning, and neurotransmitter levels in rat hippocampus. AgNPs coated with BSA
(AgNPs(BSA)), polyethylene glycol (AgNPs(PEG)), or citrate (AgNPs(Cit)) or silver ions (Ag+) were
orally administered at a dose of 0.5 mg/kg b.w. to male Wistar rats for a period of 28 days, while
the control (Ctrl) rats received 0.2 mL of water. The acquisition and maintenance of spatial memory
related to place avoidance were assessed using the active allothetic place avoidance task, in which rats
from AgNPs(BSA), AgNPs(PEG), and Ag+ groups performed worse than the Ctrl rats. In the retrieval
test assessing long-term memory, only rats from AgNPs(Cit) and Ctrl groups showed memory
maintenance. The analysis of neurotransmitter levels indicated that the ratio between serotonin and
dopamine concentration was disturbed in the AgNPs(BSA) rats. Furthermore, treatment with AgNPs
or Ag+ resulted in the induction of peripheral inflammation, which was reflected by the alterations
in the levels of serum inflammatory mediators. In conclusion, depending on the coating material
used for their stabilization, AgNPs induced changes in memory functioning and concentration
of neurotransmitters.

Keywords: silver nanoparticles; nanoparticle coating; active allothetic place avoidance task; spatial
long- and short-term memory; hippocampus; neurotransmitters; inflammation

1. Introduction

Due to their antibacterial properties, silver nanoparticles (AgNPs) are extensively
used for in the production of goods, such as health care products and food-related mate-
rials, including edible films, food packaging, and containers [1]. The unique biomedical
properties of AgNPs have also enabled their wide application in medical products, and as
a component of, for example, wound and burn healing gels, drug carriers, and implants
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and prostheses [2]. The utilization of AgNPs in the preparation of various consumer and
medical products has raised concerns about their potential adverse effects on human health.

The increasing use of nanomaterials, including AgNPs, puts the environment at risk,
which may lead to negative consequences on organisms, including humans. In vitro experi-
ments have indicated that AgNPs penetrated the cells of living organisms and accumulated
in large amounts within the endosomes, lysosomes, cytoplasm, and mitochondria [3]. In
addition, several in vitro and in vivo studies on animal models demonstrated that expo-
sure to AgNPs may be associated with genotoxic and cytotoxic effects on the nervous
system [4,5]. It was also reported that nanoparticles exhibited the ability to pass the blood–
brain barrier (BBB) and translocate to the brain [6], affecting the functions of brain cells and
disrupting the homeostasis of the central nervous system (CNS). Fuster et al. indicated that
exposure to AgNPs at noncytotoxic concentrations caused changes in several molecular
pathways related to inflammation, cellular repair, regeneration, and induced an oxidative
stress response [7]. Our previous research showed that AgNPs administered to the body
were able to enter and accumulate in different tissues and organs, including the brain [8].
Although the brain is not considered responsible for Ag retention in the body, the results of
our research indicated that AgNPs redistributed from the initial retention organs, such as
the liver, spleen, and lungs, and translocated and accumulated in the brain [8]. Interestingly,
after oral exposure, the concentration of silver was significantly higher in the hippocampus
compared to the lateral and frontal cortex or cerebellum. Surprisingly, our study revealed
that silver was found in an ionic form rather than as nanoparticles, suggesting the crucial
role of silver ions (Ag+) in AgNPs-induced impairment of higher brain functions, which
was confirmed by the observed detrimental effects on memory and cognitive coordination
processes [9].

Thus far, the effects of AgNPs accumulation on brain functions, such as cognitive
performance, learning, and memory, and on the mechanisms and factors affecting sus-
ceptibility to nanoparticles-induced malfunction of CNS are not completely understood.
Recent studies indicated that AgNPs deteriorated learning and social activity in mice
and disturbed the functions of the hippocampus in rats [4,10]. Furthermore, AgNPs
were also shown to potentially alter the functions of neuronal cells and induce synaptic
degeneration, while inhibiting the expression of genes associated with neurotransmitter
metabolism, oxidative stress, and inflammation [11–14]. However, it is still unclear whether
AgNPs-induced dysfunction of memory and cognitive coordination is related to the coating
material of the nanoparticles and/or the ability of the nanoparticles to release Ag+ after oral
administration. Studies showed that the toxic effect of metal nanoparticles is determined
by the route and duration of exposure, particle size, dose, and surface coating. Therefore,
in this study, we aimed to investigate the effect of AgNPs coating on the acquisition and
maintenance of spatial memory tested in the active allothetic place avoidance task (AAPAT)
and neurotransmitter levels in rat hippocampus. Additionally, we assessed the effects of
particulate and ionic forms of silver on systemic toxicity and inflammatory marker levels.

2. Results
2.1. General Health Status

In the present study, we examined neurotoxicity of AgNPs with different coating and
Ag+ ions on rats. The study was designed in accordance with OECD 407 guidelines [15]
regarding Toxicity Studies in Rodents. Body weight gain (weekly) and general clinical
observations (daily) were recorded for the whole duration of the experiment. The general
health status of animals was evaluated in order to verify systemic effects of exposure to
relatively low doses of AgNPs or Ag+ ions. During the experiment, no adverse effects
of toxicity were observed. All animals showed steady development and growth in all
experimental groups. During the experiment, the body weight of the rats in all the studied
groups systematically increased (ANOVA, time p < 0.001) (Figure 1). Statistical analysis
revealed that the weight gain of rats was significantly dependent on the interaction between
the analyzed factors (time vs. treated group; ANOVA, p = 0.011). The Tukey post hoc test
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showed that the weight was significantly increased from week 1 to week 3 of the experiment
in all the groups (p < 0.05, for all comparisons). However, no increase in body mass was
found between weeks 2 and 3 in the rats from the Ag+ group. In week 4, a significant
increase in body weight was noted in the Ctrl, AgNPs(Cit), and Ag+ group (p < 0.01, for
all comparisons). On the other hand, the body weight of rats in the AgNPs(BSA) and
AgNPs(PEG) groups did not differ significantly from the weight noted in week 3 of the
experiment, which suggests that weight gain was inhibited in these animals.

Figure 1. Body weight gain of rats during the experiment (mean ± SEM). (two-way repeated
measures ANOVA: effect of group, F4,33 = 1.56, NS; effect of day, F4,132 = 446.05, p = 0.000; effect of
group-by-day interaction, F4,132 = 2.11, p = 0.011).

2.1.1. Effect of Nanoparticle Coating on Hematological Parameters

At the end of the experiment, relevant hematological parameters were analyzed in
order to evaluate the general health status of rats. None of the examined parameters
exceeded the reference values [16]. However, the statistical analysis of the RBC parameters
confirmed that AgNPs coating had an influence on HGB (ANOVA, p = 0.016), MCH
(ANOVA, p = 0.003) and MCHC (ANOVA, p = 0.003), MCV (ANOVA, p = 0.004), and RDWc
(ANOVA, p = 0.003) (Table 1). The Tukey post hoc test confirmed that the MCV of the Ag+

group was the smallest in comparison to the Ctrl group (p < 0.05) and MCH was the smallest
in comparison to the AgNPs(BSA), AgNPs(PEG), and AgNPs(Cit) group (p < 0.01, p < 0.01,
and p < 0.05, respectively), whereas the RDWc of the Ag+ group was the highest (p < 0.01
for Ag+ vs. AgNPs(BSA) group and p < 0.001 Ag+ vs. AgNPs(PEG) group). Additionally,
rats receiving Ag+ showed the lowest concentration of blood HGB in comparison to the
animals receiving AgNPs(BSA) (p < 0.05). The RBC and HCT values did not differ between
the studied groups (ANOVA, NS). Similarly, the values of RBC parameters did not differ
significantly between the groups receiving nanosilver with different types of coating and
the Ctrl group.

The platelet number and other platelet indices, including plateletcrit (PCT) and platelet
volume distribution width, also did not significantly differ between the silver-treated
groups and the Ctrl group. The total number of WBC significantly varied between the
groups depending on the type of nanosilver coating (ANOVA, p = 0.042), with the highest
value observed in the AgNPs(Cit) group. Only the rats in this group had a higher WBC
value compared to the Ctrl group (p < 0.05). The values of platelet and WBC parameters
are listed in Table 1.
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Table 1. Hematological values (mean ± SEM).

Ctrl AgNPs(Cit) AgNPs(BSA) AgNPs(PEG) Ag+ ANOVA

RBC [1012/L] 8.18 ± 0.09 8.01 ± 0.15 8.14 ± 0.12 8.00 ± 0.11 8.21 ± 0.12 F4,34 = 0.65, NS
MCV [fL] 53.86 ± 0.46 a 54.14 ± 0.83 b 54.71 ± 0.64 53.50 ± 0.82 50.71 ± 0.68 a,b F4,31 = 4.70, p = 0.004
RDWc [%] 16.86 ± 0.27 17.03 ± 0.14 16.47 ± 0.18 a 16.34 ± 0.12 b 17.36 ± 0.17 a,b F4,32 = 5.16, p = 0.003

MCHC [g/dL] 31.29 ± 0.23 31.20 ± 0.18 31.53 ± 0.15 32.16 ± 0.27 32.02 ± 0.41 F4,28 = 2.80, p = 0.047
MCH [pg] 16.77 ± 0.15 a 17.19 ± 0.16 b 17.36 ± 0.23 b 17.33 ± 0.17 b 16.39 ± 0.20 a,b F4,32 = 5.02, p = 0.003

HGB [g/dL] 13.56 ± 0.14 13.78 ± 0.17 14.11 ± 0.08 a 14.00 ± 0.14 13.56 ± 0.14 a F4,29 = 3.65, p = 0.016
WBC [109/L] 5.85 ± 0.34 a 7.66 ± 0.62 a 7.12 ± 0.34 7.07 ± 0.49 6.21 ± 0.36 F4,31 = 2.82, p = 0.042
MID [109/L] 0.21 ± 0.05 0.20 ± 0.03 0.19 ± 0.03 0.14 ± 0.03 0.22 ± 0.05 F4,31 = 0.76, NS
LYM [109/L] 4.58 ± 0.29 6.06 ± 0.50 5.34 ± 0.38 5.68 ± 0.43 4.85 ± 0.26 F4,32 = 2.44, NS
GRA [109/L] 0.97 ± 0.09 1.35 ± 0.17 1.22 ± 0.13 1.15 ± 0.10 1.14 ± 0.12 F4,34 = 1.16, NS
PLT [109/L] 660.71 ± 33.14 641.13 ± 26.68 592.71 ± 33.75 621.13 ± 31.31 661.38 ± 30.91 F4,33 = 0.84, NS

PCT [%] 0.52 ± 0.03 0.51 ± 0.03 0.48 ± 0.04 0.49 ± 0.03 0.50 ± 0.03 F4,34 = 0.20, NS
PDWc [%] 33.44 ± 0.42 33.11 ± 0.49 33.34 ± 0.32 33.43 ± 0.39 32.74 ± 0.36 F4,33 = 0.56, NS
HCT [%] 43.85 ± 0.38 43.11 ± 0.82 43.75 ± 0.52 42.78 ± 0.62 42.25 ± 0.51 F4,34 = 1.60, NS
a, b Statistically significant difference from the silver-exposed group according to the Tukey post hoc test (p < 0.05). The same letters indicate
statistically significant results.

2.1.2. Effect of Nanoparticle Coating on Blood Plasma Cytokine Concentration

The Rat Cytokine 24-Plex Panel assay was used to assess whether AgNPs or Ag+

induce systemic inflammation. The results showed that the blood plasma concentration of
most of the investigated cytokines was changed after the 28-day administration of AgNPs
with different types of coating or Ag+ (Table 2). The ANOVA results were confirmed by post
hoc test, which revealed that the plasma concentrations of IL-5 (p < 0.01), IL-10 (p < 0.01), IL-
12(p70) (p < 0.001), M-CSF (p < 0.001), and TNF-α (p < 0.01) were significantly higher in the
AgNPs(PEG) group in comparison to the Ctrl group. The level of IFN-γ, a protein involved
in inducing TNF-α secretion and stimulating the release of reactive oxygen species from
macrophages, was found to be elevated in the AgNPs(PEG) and AgNPs(Cit) groups vs. the
Ctrl group (p < 0.01 and p < 0.05, respectively). The level of pro-inflammatory IL-6 was also
significantly increased in the AgNPs(PEG) and AgNPs(BSA) groups in comparison to the
Ctrl group (p < 0.01 and p < 0.05, respectively). The level of IL-12 protein was significantly
increased in the rats receiving AgNPs(PEG), AgNPs(Cit), and Ag+ compared to the Ctrl
rats (p < 0.001, p < 0.001, and p < 0.01, respectively). The rats in the AgNPs(PEG) group
showed significantly higher concentration of IL-1β (vs AgNPs(BSA) group, p < 0.001) and
TNF-α (vs Ag+ group, p < 0.001), as well as some chemotactic factors of immune cells
including GM-CSF (vs AgNPs(BSA) group, p < 0.01), G-CSF (vs Ag+ group, p < 0.05), and
M-CSF (vs AgNPs(BSA) and Ag+ groups, p < 0.001 and p < 0.05, respectively). An increased
concentration of other proinflammatory cytokines (IL-1α, IL-2, and IL-4) was observed
in the rats from the AgNPs(PEG) group, but the changes were statistically insignificant.
The concentrations of IL-7, IL-13, IL-18, MIP-1α, GRO/KC, and RANTES did not differ
between the studied groups (Table 2).

Moreover, the AgNPs(BSA) group exhibited a lower concentration of IL-1β (vs Ag-
NPs(PEG) group, p < 0.001) and M-CSF (vs AgNPs(PEG) group, p < 0.001). The Ag+ group
had a higher plasma concentration of MIP-3α (vs Ctrl, AgNPs(Cit), and AgNPs(BSA)
groups, p < 0.05, p < 0.01, and p < 0.05, respectively) and a lower concentration of G-CSF
(vs AgNPs(PEG) group, p < 0.05) (Table 2). The concentrations of IL-17A, erythropoietin,
and VEGF were found to be under detection limit.
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Table 2. Blood plasma cytokine concentration (mean ± SEM).

Cytokine Ctrl AgNPs(Cit) AgNPs(BSA) AgNPs(PEG) Ag+ ANOVA

IL-1α 68.34 ± 9.59 78.74 ± 12.96 71.51 ± 8.89 107.68 ± 12.82 76.67 ± 12.02 F4,33 = 1.61, NS
IL-1β 33.59 ± 5.53 40.87 ± 5.13 24.18 ± 2.58 a 64.84 ± 10.11 a 37.32 ± 5.25 F4,25 = 6.47, p = 0.001
IL-2 669.97 ± 96.0 967.03 ± 175.88 785.48 ± 105.32 1224.81 ± 151.15 832.07 ± 154.2 F4,32 = 1.89, NS
IL-4 42.79 ± 6.34 56.65 ± 8.86 48.28 ± 4.37 75.50 ± 9.12 45.44 ± 5.25 F4,33 = 2.51, NS
IL-5 214.48 ± 21.72 a 278.74 ± 20.58 242.78 ± 14.64 310.49 ± 22.32 a 246.91 ± 9.25 F4,28 = 3.75, p = 0.01
IL-6 121.68 ± 18.17 a 268.43 ± 12.56 a,b 195.22 ± 28.92 338.21 ± 48.62 a,c 247.79 ± 63.44 F4,22 = 5.60, p = 0.003
IL-7 73.89 ± 31.49 48.51 ± 5.56 34.66 ± 2.96 63.58 ± 8.68 39.11 ± 2.54 F4,30 = 2.63, NS

IL-10 32.90 ± 4.09 a 56.69 ± 8.97 41.60 ± 3.37 68.96 ± 8.01 a 43.61 ± 4.78 F4,30 = 4.58, p = 0.005
IL-12(p70) 62.48 ± 11.72 a 186.77 ± 28.07 a,b 119.91 ± 21.62 182.89 ± 27.35 a,c 152.46 ± 28.50 a,d F4,26 = 7.50, p = 0.000

IL-13 87.18 ± 22.47 80.91 ± 14.44 85.56 ± 29.26 120.09 ± 23.40 99.76 ± 26.94 F4,25 = 0.48, NS
IL-18 3277.5 ± 799.5 2689.0 ± 441.8 2230.0 ± 206.2 3630.1 ± 658.9 3635.1 ± 644.4 F4,32 = 0.91, NS
IFN-γ 124.39 ± 25.57 a 232.13 ± 21.96 a,b 170.42 ± 20.55 283.98 ± 40.6 a,c 190.41 ± 40.26 F4,31 = 4.28, p = 0.007
TNF-α 377.29 ± 59.88 a 536.16 ± 55.77 467.36 ± 58.10 681.46 ± 71.91 a,b 409.04 ± 49.27 b F4,30 = 4.26, p = 0.008

GRO/KC 36.14 ± 6.02 30.88 ± 3.61 22.99 ± 1.83 36.88 ± 4.08 34.00 ± 4.75 F4,31 = 2.51, NS
GM-CSF 31.80 ± 7.35 33.82 ± 5.25 23.67 ± 2.99 a 54.52 ± 9.66 a 29.40 ± 3.21 F4,27 = 3.67, p = 0.016
G-CSF 3.71 ± 0.63 5.92 ± 0.42 4.83 ± 0.81 8.35 ± 1.09 a 3.22 ± 0.42 a F4,29 = 3.82, p = 0.013
M-CSF 10.54 ± 1.34 a 15.89 ± 1.87 9.61 ± 0.46 b,c 23.93 ± 2.55 a,b 14.03 ± 3.02 c F4,19 = 8.08, p = 0.001
MCP-1 390.18 ± 25.44 321.45 ± 26.85 296.23 ± 17.42 315.59 ± 25.02 371.18 ± 16.28 F4,32 = 2.90, p = 0.037
MIP-3α 19.15 ± 1.50 a 19.66 ± 1.13 b 19.39 ± 1.47 c 20.97 ± 0.80 29.29 ± 3.43 a,b,c F4,29 = 4.63, p = 0.005
MIP-1α 1.05 ± 0.06 0.98 ± 0.05 0.89 ± 0.04 1.07 ± 0.04 0.99 ± 0.01 F4,29 = 2.58, NS

RANTES 98.71 ± 8.46 81.98 ± 8.59 91.91 ± 16.15 75.90 ± 6.44 110.28 ± 12.96 F4,29 = 1.47, NS
a–d Statistically significant difference from the silver-exposed group according to the Tukey post hoc test (p < 0.05). The same letters indicate
statistically significant results.

2.2. Behavioral Data
2.2.1. Acquisition of Spatial Memory

After 28 days of Ag administration, spatial memory acquisition was measured as
the number of entrances into the shock sector and number of shocks on the consecutive
5 days of the place avoidance training. A decrease in both these values indicates memory
acquisition. It was observed that the results strongly varied between the groups, which
indicates the influence of the coatings used for AgNPs stabilization (Figure 2A,B).

However, the number of entrances into the shock sector was found to be significantly
decreased after the third day of training in all groups (Tukey post hoc test for days,
p < 0.001). Treatment with AgNPs(BSA), AgNPs(PEG), and Ag+ resulted in a higher
number of entrances in comparison to Ctrl (Figure 2A). Rats from AgNPs(Cit) and Ctrl
groups less frequently entered the to-be-avoided sector on day 4 and day 5 compared to
day 1 (Tukey post hoc test for group-by-day interaction, p < 0.01). No differences were
found in the number of entrances between the Ctrl and AgNPs(Cit) groups on day 4 and
day 5, and the number significantly decreased compared to that measured on the initial
days of training. On the other hand, the number of entrances was high and similar in
AgNPs(BSA), AgNPs(PEG), and Ag+ groups on all days of acquisition training.

The number of shocks received on the to-be-avoided place was also found to be
dependent on the treatment and varied on different days of training. Rats from the
AgNPs(BSA), AgNPs(PEG), and Ag+ groups received more shocks than the Ctrl and
AgNPs(Cit) rats (Figure 2B). On day 4 and day 5, the number of received shocks was
lower compared to that on day 1–3 (Tukey post hoc test for days, p < 0.001). On day 4,
AgNPs(BSA), AgNPs(PEG), and Ag+ rats received a higher number of shocks. Rats in the
Ctrl group received a lower number of shocks than those in the AgNPs(BSA), Ag+, and
AgNPs(PEG) groups on day 3 (post hoc test for group-by-day interaction, p < 0.01).
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day, F4,116 = 9.83, p = 0.001); short-term memory: (D)—Tmax [s] (the same ANOVA: effect of group, F4,29 = 3.27, p = 0.025; 
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Figure 2. Behavioral measures of spatial memory assessed on 5 days of the active allothetic place avoidance training in
rats exposed to AgNPs with different types of coating (citrate, BSA, and PEG) or Ag+; Ctrl rats received water. Memory
acquisition: (A)—number of entrances (two-way repeated measures ANOVA: effect of group, F4,22=4.18, p = 0.006; effect
of day, F4,88 = 15.97, p = 0.000; effect of group-by-day interaction, F4,88 = 2.11, p = 0.01); (B)—number of shocks (the same
ANOVA: effect of group, F4,25 = 3.61, p = 0.019; effect of day, F4,100 = 20.17, p = 0.001; effect of group-by-day interaction,
F4,100 = 2.08, p = 0.015); skill learning: (C)—SHs/ENTR ratio (the same ANOVA: effect of group, F4,29 = 10.21, p = 0.001;
effect of day, F4,116 = 9.83, p = 0.001); short-term memory: (D)—Tmax [s] (the same ANOVA: effect of group, F4,29 = 3.27,
p = 0.025; effect of day, F4,116 = 12.40, p = 0.001) (mean ± SEM). *, **, and ***: Significantly different from the Ctrl group at
the same time point (* p < 0.05, ** p <0.001, and *** p < 0.001) (Tukey post hoc test). #, ##, and ###: Significantly different
within the same experimental group at different time points (# p < 0.05, ## p < 0.001, and ### p < 0.001) (Tukey post hoc test).
• Significantly different between AgNPs(Cit) group and AgNPs(BSA) group on 5 days of memory acquisition (• p < 0.05)
(Tukey post hoc test).

Proper performance in the place avoidance task requires skill learning ability, which
is measured as the SHs/ENTR ratio (Figure 2C). A low SHs/ENTR ratio indicated ef-
fective skill learning. Among the studied groups, the ratio was significantly higher in
the AgNPs(BSA) rats compared to the Ctrl rats, whereas rats from the AgNPs(Cit) group
presented a similar ratio as the Ctrl rats, which was lower than that of the Ag+ or AgNPs-
treated groups (Figure 2C). The rats from control group learned rapidly within the first
session and maintained the progress over the long-time between next sessions. Contrarily,
rats from AgNPs(BSA) group revealed impairment of skill learning

The values of Tmax measured on each day of the place avoidance training corre-
sponded to the short-term memory (Figure 2D). Rats from all the treated groups presented
worse Tmax than the Ctrl rats. The duration of Tmax was found to be significantly in-
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creased on the last two days of training compared to the first three days (Tukey post hoc
test for days, p < 0.03).

2.2.2. Long-Term Memory Maintenance

The strength of long-term memory maintenance was assessed over four days after
the last day of the place avoidance training. A retrieval test was conducted without
involving any shock presentation, and T1 was estimated. It was observed that rats from the
AgNPs(BSA), AgNPs(PEG), and Ag+ groups made first entrances with a shorter T1 than
Ctrl rats, whereas AgNPs(Cit)-treated rats presented a similar T1 as that of the Ctrl rats
(Figure 3A). AgNPs(Cit) group presented a longer T1 in comparison to the AgNPs(BSA)
group (p < 0.02). Importantly, the T1 of AgNPs(BSA), AgNPs(PEG), and Ag+ rats was in
the range of 17.5–28.5 s, while that of Ctrl and AgNPs(Cit) was approximately 120 s. As
the arena rotated one revolution per 60 s, a lack of memory retrieval was noted in rats from
AgNPs(BSA), AgNPs(PEG), and Ag+ groups. This indicated that the rats from AgNPs(BSA),
AgNPs(PEG), and Ag+ groups presented a lack of memory retrieval. In addition, Ag+ rats
presented a significantly shorter Tmax than Ctrl rats (Figure 3B).

Figure 3. Retrieval test on long-term memory. (A)—T1 measured on test (TS) day (one-way ANOVA: effect of group,
F4,30 = 5.91, p = 0.001) (mean ± SEM); (B)—Tmax measured on TS day (one-way ANOVA: effect of group, F4,30 = 5.91,
p = 0.001) (mean ± SEM). * and **: Significantly different from the Ctrl group (* p < 0.05 and ** p < 0.01) (Tukey post hoc
test). • Significantly different between the AgNPs(Cit) and AgNPs(BSA) group (• p < 0.05) (Tukey post hoc test).

2.3. Effect of Nanoparticle Coating on Hippocampal Neurotransmitter Concentration

The statistical analysis revealed that the hippocampal concentration of dopamine,
serotonin, and acetylcholine was highly dependent on the type of AgNPs coating (ANOVA,
p = 0.001; Figure 4), whereas the concentration of glutamic acid did not differ between the
studied groups.

In the Ag+ and AgNPs(BSA) groups, the concentration of dopamine was found to
be higher and similar to that of the Ctrl group (p < 0.001 and p < 0.5, respectively). By
contrast, the concentration of this monoamine was generally low in the AgNPs(Cit)- and
AgNPs(PEG)-treated groups, and much lower compared to the Ag+ group (p < 0.001 and
p < 0.5, respectively) (Figure 4A).
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Figure 4. Levels of neurotransmitters in the hippocampus of rats exposed to AgNPs with different types of coating (citrate,
BSA, and PEG) or Ag+. (A)—dopamine (one-way ANOVA: F4,23 = 10.98, p = 0.001); (B)—serotonin (one-way ANOVA:
F4,23 = 15.06, p = 0.001); (C)—acetylcholine (one-way ANOVA: F4,24 = 28.37, p = 0.001); (D)—glutamic acid (one-way
ANOVA: F4,24 = 0.67, NS) (% of Ctrl ± SEM). *, **, and ***: Significantly different from the Ctrl group (* p < 0.05, ** p < 0.001,
and *** p < 0.001) (Tukey post hoc test). #, ##, and ###: Significant differences between the groups exposed to AgNPs or Ag+

(# p < 0.05, ## p < 0.001, and ### p < 0.001) (Tukey post hoc test).

The hippocampal serotonin concentration was also dependent on the AgNPs used
for treatment, with the highest concentration observed in the Ctrl group. The serotonin
concentration was lower in the AgNPs(BSA), AgNPs(PEG), and AgNPs(Cit) groups in
comparison to the Ctrl group (p < 0.01, p < 0.01, and p < 0.001, respectively) (Figure 4B). Rats
from AgNPs(BSA) and AgNPs(PEG) groups showed a higher acetylcholine concentration
in the hippocampus than the rats from Ctrl, AgNPs(Cit), and Ag+ groups (p < 0.001, for all
comparisons), while no differences in concentration were observed between AgNPs(Cit) as
well as Ag+ and Ctrl groups (Figure 4C). The hippocampal concentration of glutamic acid
was similar in all the analyzed groups (Figure 4D).

2.4. Fisher’s Linear Discriminant Analysis

The results of Fisher’s LDA of the experimental data are illustrated in Figure 5. The
analysis was performed to summarize the findings and obtain linear combinations (Linear
Discriminants) of the analyzed parameters that allow the best distinction of the experi-
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mental groups included in the in vivo study model. The vectors presented in Figure 5B
highlight the correlations between the relevant parameter values and two of the most
data-separating combinations (LDA1 and LDA2). In addition, they indicate the direction
in which corresponding parameters determine the separation of experimental groups
presented in Figure 5A. The conducted LDA also supported the variance analysis.

Figure 5. Fisher’s LDA: (A)—experimental data on the plane spanned by two of the most data-separating LDAs;
(B)—parameters contributing the most to LDAs.

Fisher’s LDA revealed that the factors that most correlated with combinations LDA1
and LDA2 differentiating the experimental groups were: (1) the levels of acetylcholine,
serotonin, and dopamine among the neurotransmitters in the hippocampus; (2) the levels
of G-CSF, GM-CSF, IL-7, M-CSF, MCP-1, MIP-3α, and RANTES among the plasma cy-
tokines; and (3) the values of MCV, MCH, and RDWc among the hematological parameters
(Figure 5B). The Ctrl group was separated from the other groups, regardless of the form
of silver administered (Figure 5A). This differentiation is due to the value of the LDA1
coefficient, which is the most correlated with the following parameters: WBC, dopamine
(DA), RDWc, and MCV (positively correlated with LDA1), as well as with serotonin (X5 TH)
and M-CSF (negatively correlated with LDA1). The Ag+ group was separated based on the
value of the LDA2 coefficient, which is the most correlated with acetylcholine and G-CSF
(positively correlated with LDA2) as well as with X5 TH, DA, and MIP-3α (negatively
correlated with LDA1). Importantly, the Ag+ group was visibly separated from the other
groups receiving nanoparticles, which is reflected by its position relative to the vertical
axis, showing the LDA2 coefficient, in Figure 5A. This position of the Ag+ group is mostly
related to the values of RBC parameters, including MCHC, HGB, and HCT.

3. Discussion

Over the last decade, AgNPs have become one of the most popular nanomaterials
and are found in about 30% of nanoparticle-containing products. However, a large num-
ber of scientific evidences have indicated that AgNPs can be toxic to different organs in
the body, including the CNS, although these nanoparticles have antimicrobial, antiviral,
and antifungal effects [17–19]. Thus, in this study, we investigated the effect of adminis-
tration of AgNPs with different coatings at environmentally relevant concentrations on
higher brain functions. Based on the available literature, we selected the oral route for
administering AgNPs as it is one of the most critical routes of environmental nanoparticle
exposure [20]. Despite difficulties in predicting the actual level of human exposure, it
has been estimated that the exposure level can be 1.3–2.7 µg/kg b.w./day for adults and
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1.6–3.5 µg/kg b.w./day in the case of children [21]. In the current experiment we decided
to use a very low (0.5 mg/kg bw) dose of AgNPs. In the previous studies, we used a
dose of AgNPs consistent with NOAEL value for oral exposure of rats (30 mg/kg b.w.) a
significantly lower dose of 1 mg/kg b.w. As our findings indicated that oral exposure to
the low dose of AgNPs induced memory impairment [9], in the present study, we further
lowered the administered dose. NOAEL of 30 mg/kg corresponds to the human equivalent
dose (HED) of 4.839 mg/kg for oral exposure [22]. The dose 0.5 mg/kg b.w. used in
the present study corresponds to the HED of 0.081 mg/kg and is at a similar level to the
predicted actual level of human exposure.

It is clear from the literature data that the toxicity of nanoparticles is determined by
various factors, of which the type of applied coating is considered important. However, the
exact influence of coatings on the toxicity of nanoparticles has not been fully investigated
to date. In the preparation of nanoparticles for biomedical applications, various substances,
such as citrate, PEG, polyvinylpyrrolidone (PVP), and proteins, are used as coating to im-
prove the stability of nanoparticles, reduce their interaction with blood proteins, and ensure
prolonged blood circulation [23]. Thus, in the present study, spherical AgNPs were coated
with three different nanosilver surface coatings, namely BSA, citrate, or PEG. Moreover,
AgNO3 was used as a source of Ag+ for comparison. Spherical AgNPs coated with the
investigated coating materials have been widely used for several applications [13,23–25].

In recent years, AgNPs with different types of coating have been analyzed to determine
their neurotoxicity [4,18]. However, the neurobehavioral effects of different coatings have
not been clearly assessed under comparable conditions. Therefore, for the first time, we
investigated the effect of AgNPs coated with different materials on higher brain functions.
Our study demonstrated that the effect of nanosilver on cognitive functions was dependent
on the coating material. Application of BSA-coated AgNPs resulted in the attenuation of
cognitive functions, which in turn affected the short- and long-term memory. Application
of PEG-coated AgNPs mainly influenced short-term memory, while citrate-coated AgNPs
or water exhibited the opposite effect. Additionally, administration of Ag+ led to ineffective
learning, causing debilitation of short- and long-term memory. On the other hand, the
experimental path length data showed no effect on locomotion. The effect of AgNPs on
long-term allothetic spatial memory was studied earlier based on the Morris water maze
task. In this task, contrary to the AAPA all available information was used by animals for
memory acquisition. The observed results indicated that exposure to uncoated AgNPs
allowed memory maintenance at almost a similar level as the control in mice [26], but
memory was found to be impaired in the case of rats [27]. This discrepancy can be related
to differences in the routes of AgNPs administration (intraperitoneal vs. nasal), dose of
AgNPs administered (10, 25, and 50 mg/kg b.w. vs. 3 or 30 mg/kg b.w.), and rodent
species tested (mice vs. rats). Furthermore, it was demonstrated in mice that intranasal
application of AgNPs in water suspension had no effect on the long-term allothetic memory
which was determined by the distance to the platform in the Morris water maze test,
although AgNPs-treated mice spent shorter time in the target quadrant of the water pool
in comparison to the untreated animals [28]. Contrary to this finding, our study on rats
showed that treatment with AgNPs(BSA), AgNPs(PEG), and Ag+ had no effect on the long-
term memory of animals in comparison to the Ctrl rats. The results suggest that AgNPs
coated with BSA or PEG can modify the functional integrity of the hippocampus, which is
responsible for relational binding associated with the formation of long-term memory [29].
Skalska et al. revealed that exposure to AgNPs may induce synaptic degeneration, as
indicated by the observed ultrastructural changes such as blurred synapse structure and
disorganized synaptic membrane, which in turn led to the release of synaptic vesicles into
neutrophils [13].

In our study, we observed that application of BSA- and PEG-coated AgNPs resulted in
the impairment of short-term memory, which is critical for assessing higher-level cognitive
functions. Short-term memory reflects the mental ability to temporarily hold a limited
amount of information that is no longer present in the sensory environment [30]. A study
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evaluated short-term memory by performing a novel object recognition test and reported
that the memory was intact in mice intranasally treated with uncoated AgNPs [31]. It was
shown that citrate buffer- or silver citrate-stabilized AgNPs intragastrically administered
at a dose of 0.2 mg/kg b.w. for 14 days had no effect on object recognition memory in rats.
Analysis of the effect of Ag+ on fear response using the plus maze test indicated that Ag+

induced a weak depressive effect and hyperalgesia, as observed by a longer time spent
by mice in the open arms of the plus maze test in comparison to untreated mice and mice
treated with citrate-coated AgNPs [31]. In agreement with our study, Dąbrowska-Bouta
et al. noticed that neither Ag+ nor AgNPs with different types of coating had an influence
on the locomotor activity. The memory retrieval test also did not reveal any differences in
the locomotor activity between the groups [31].

Neurobehavioral disturbances may result from the direct and indirect action of AgNPs.
These nanoparticles can accumulate in the gastrointestinal tract and then translocate to
the brain through the bloodstream. Our previous studies have confirmed that AgNPs
administered by intravenous and oral routes accumulated as silver in the brain [8,9]. When
administered orally, AgNPs can either enter the brain and bloodstream and penetrate the
BBB, or are transported to the brain via vagus nerve through retrograde axonal transmis-
sion [18,32]. Additionally, orally administered AgNPs or Ag+ released from nanoparticle
surfaces can destroy the integrity of the intestinal wall and increase its permeability, thereby
facilitating bacterial and food antigens to penetrate into the deeper layers of the intestine
through the intestinal barrier. The resulting intestinal barrier damage can potentially
induce an inflammatory response in the colon wall as well as cause changes in the gut
microbiota [22]. As gut–brain axis plays an important role, AgNPs accumulation in the gas-
trointestinal tract and their effect on immune and microbiome components of the gut–brain
axis may lead to neurobehavioral toxicity, as observed in the present study.

In the present study, we also evaluated the neurobehavioral effect of AgNPs with
different types of coating by assessing the deferred changes in neurotransmitter levels
in the rat hippocampus. Neurotransmitters involve in all brain functions by binding to
specific receptors in defined brain structures. Therefore, alterations in the level of these
substances may affect cognitive functions, memory, and locomotion. The hippocampus
of the brain is fundamental for memory and cognitive functioning, and appears to be
particularly susceptible to the adverse effects of AgNPs [9,13,33]. Our study revealed
that, despite the results of behavioral test, there were no significant difference in the
concentration of glutamic acid between the experimental groups, whereas its increase,
according to the literature, is symptomatic for the memory acquisition [34]. This is likely
due to the fact that the measurements of neurotransmitters levels in our experimental set up
do not cover the memory acquisition period during the AAPA test. In our experiment, the
neurotransmitters were assessed in hippocampi isolated at the end of the study (after the
retrieval test and a few days after the end of the place avoidance training), whereas effective
learning occurred between the first and third day of AAPA training. In contrast, the present
study revealed that the impairment of higher brain functions which was observed after the
administration of AgNPs or Ag+ could be due to long-term modifications of the levels of
dopamine, serotonin, and acetylcholine. The concentration of serotonin in the AgNPs(Cit),
AgNPs(BSA), and AgNPs(PEG)-receiving groups was lower than in the Ag+-receiving and
the control groups. In addition, in AgNPs(BSA)-receiving rats, a low level of serotonin
was associated with an overproduction of dopamine. Dopamine and serotonin system
dysfunction in humans is linked to symptoms of depression, such as low motivation,
emotions, and overall mood [35]. In animals, the depressive symptoms are described as
anhedonia and anxiety-like behavior [36]. The AgNPs(BSA)-receiving rats presented also
a skill learning impairment. Though the behavioral parameters measured in the AAPA
task do not measure depression or anxiety-like symptoms, it might be speculated that that
impairment of skill learning of AgNPs(BSA)-receiving rats could result from the anxiety.

In our study, we observed increased concentration of dopamine in the animals exposed
to AgNPs(BSA) and Ag+, but not AgNPs(Cit) or AgNPs(PEG). Hadrup et al. also observed
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an increased brain dopamine concentration in whole-brain homogenate after 28 days of
oral administration of Ag in ionic form and PVP-stabilized AgNPs [12]. Furthermore,
Liu et al. indicated the effects of AgNPs on the brain dopaminergic functions [33], showing
that exposure to AgNPs caused a significant increase in the expression of genes involved
in dopaminergic transmission (SPP1, CACNA1S, and TACR3), which resulted in the dys-
regulation of dopaminergic transmission, increased intracellular calcium levels, and death
of hippocampal CA1 neurons. The decrease in intracellular calcium levels results from the
stimulation of dopamine receptors in the physiological state. The release of osteopontin
(encoded by SPP1) during neuroinjury is associated with the onset of intracellular calcium
precipitation in the brain structures, which occurs in degenerating neurons. Additionally,
upregulation of TACR3, a gene that encodes neurokinin receptor-3 receptor, is related
to intracellular calcium influx and cell death initiation, which altogether suggests that
apoptosis is the principal mechanism of AgNPs-induced neurotoxicity [37].

Nevertheless, in our study, administration of AgNPs coated with citrate or PEG did
not affect the level of dopamine. Dopamine-mediated neurotransmission in CNS supports
motivation, spatial memory, and cognitive processes [38–40] and controls noncognitive
processes, including locomotion [41]. In our study, the treatment had no effect on locomotor
activity (data not presented). However, the same AAPAT showed that everyday blockade
or stimulation of D2 dopamine receptors was dependent on the dosage and affected
locomotor activity, but not cognitive performance. Administration of a D2 receptor agonist
dose-dependently increased the locomotor activity, but had no effect on the performance
in memory task [41]. Moreover, in the AAPAT, the cognitive performance was impaired
by the antagonist (SCH23390) of D1 receptors, in contrast to the agonist (A77636) which
improved the performance, while changes in locomotion were transient and likely had
no effect on the performance [42]. Additionally, it was reported that AgNPs can reduce
the level of inhibitory monoamines, such as gamma-aminobutyric acid and glycine, as
well as modulate the functions of excitatory glutamic acid. Moreover, AgNPs can alter
the expression of gene encoding glutamatergic N-methyl-D-aspartate receptor, which
is a calcium channel in neurons, and the genes encoding monoamine oxidase A and B
enzymes, which regulate the brain neurotransmitter levels [43]. This clearly suggests that
the concentration of neurotransmitters in the brain is influenced not only by the dose, route,
and duration of nanoparticles exposure [44] but also by the type of coating material applied
on the nanoparticles.

Another goal of the present study was to identify the mechanisms underlying the long-
and short-term memory impairment observed in our previous study. For this purpose, rats
were exposed at a low dose to AgNPs coated with different materials. As the release of
Ag+ from the nanoparticle surface is proposed as one of the main mechanisms of AgNPs
toxicity, one group of rats were administered with Ag+ and the effect of the nanoparticles
was compared with that of Ag+. In our previous study, we found that oral exposure to
BSA-coated AgNPs at a low dose resulted in a significantly higher accumulation of silver
in the hippocampus. Nevertheless, the nanoSIMS analysis revealed a weak silver signal
in the hippocampus of the AgNPs-treated animals, which was assumed as related to the
presence of silver in ionic form rather than in nanoparticulate form [9]. Several other
studies have also reported that the neurotoxic effect of AgNPs was partially associated with
Ag+, as these ions can disturb the mitochondrial respiratory chain affecting ATP production
and resulting in its insufficiency, oxidative stress, and inflammation induction [45,46]. In
our present study, we observed a slight systemic inflammation, including changes in the
levels of proinflammatory cytokines and chemokines, after 28 days of oral exposure to
AgNPs. The results thus demonstrated that exposure of animals to AgNPs coated with
different material caused significant alterations in pro- and anti-inflammatory cytokines
in plasma, which indicates the activation of inflammatory response. Oral administration
PEG-coated AgNPs in rats resulted in a higher concentration of pro-inflammatory cytokines
(IL-1β, IL-5, IL-6, IL-12(p70), TNF-α, GM-CSF, and G-CSF) as well as anti-inflammatory
cytokines (IL-10). These changes in cytokines profile highlighted that PEG-coated AgNPs
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strongly stimulated immune response in comparison to the Ctrl group or animals treated
with AgNPs coated with other coating materials. The higher plasma concentration of
certain interleukins most likely indicates that immune system cells (such as macrophages,
dendritic cells, or lymphocytes B) are stimulated upon exposure to PEG-coated AgNPs.
Studies of other authors showed a lower release of TNF-α and IL-12, and a higher release
of IL-10 and TGF-β from peripheral blood mononuclear cells upon exposure to PEG-coated
AgNPs, indicating that this type of nanomaterial exhibits lower toxicity compared to
bare AgNPs [47]. It has also been pointed out that peripheral inflammation can disrupt
the integrity of the BBB [48] and, therefore, nanoparticle-induced increase in peripheral
pro-inflammatory cytokines can affect the functioning of CNS and contribute to memory
impairment [49]. Based on the statistical analysis of cytokine profiles of animals from
different experimental groups, it can be assumed that the exposure to AgNPs coated with
BSA moderately overstimulated the secretion of pro-inflammatory cytokines as compared
to AgNPs coated with citrate and Ag+. Additionally, in the present study, ANOVA with
multiple measurements revealed that the body weight changes in rats were significantly
dependent on the interaction between time and type of exposure. In the present study,
we did not intend to induce acute toxicity, which obviously would be associated with
impaired brain function. The blood analysis revealed that all examined parameters were
within physiological range [16] thus it is plausible to assume that administered dose had
no systemic toxicity. Behavioral disturbances were observed along with changes in the
hippocampal concentrations of neurotransmitters and slight systemic changes, which
indicates the pro-inflammatory nature of the orally administered AgNPs. The obtained
results indicate that the action of Ag+ ions and AgNPs differs, as was also confirmed
by the results of Fisher’s LDA. The group administered with Ag+ was separated from
both Ctrl group and nanosilver groups, suggesting the different mechanism of Ag+ action.
Moreover, our results clearly showed that one of the factors modulating the neurotoxicity
of AgNPs is the surface functionalization. A possible reason for the different behaviors of
AgNPs coated with different types of materials can be the processes that the nanoparticles
undergo in the gastrointestinal tract, which also include Ag+ release (probably in different
amounts depending on the coating material used). Studies have described the impact
of gastrointestinal fluids on the properties and fate of AgNPs. The characteristics of
nanoparticles, including the coating material used for their stabilization, determine the
transformation and bioavailability of the ingested particles [50–52]. The results of a study
which analyzed the exposure of citrate-coated AgNPs to artificial human stomach fluid
(pH 1.5) indicated that AgNPs significantly aggregate and release ionic silver, which reacts
with the particle aggregates as silver chloride [53]. This agglomeration in the gastric fluid
was also detected in the case of AgNPs with protein corona formed from BSA used as a
food matrix component [52]. In this light, PEG is described as a biologically inert agent
that decreases the affinity of nanoparticles for proteins and PEG-coated AgNPs are referred
to as the most stable nanoparticles [23]. Taken together, it is clear that the fate of AgNPs
can vary based on the nanoparticle properties, among which coating plays a key role.

4. Materials and Methods
4.1. Silver Nanoparticles Preparation and Characterization

AgNPs with a of nominal diameter of 20 ± 5 nm were acquired from PlasmaChem
(Berlin, Germany). Nanoparticles preparation was carried out as described previously [54].
Briefly, a stock solution of nanoparticles was prepared by dispersing 2 mg of AgNPs in
800 µL of distilled water. Then, the AgNPs solution was sonicated on ice for 10 min using
a probe sonicator (Branson, Danbury, CT, USA) with total ultrasound energy of 420 J·m–3.
Immediately after sonication, 100 µL of 10× phosphate-buffered saline and 100 µL of 15%
bovine serum albumin (BSA) were added. Sodium citrate-coated AgNPs with a diameter
of 20 nm were purchased from NanoComposix (San Diego, CA, USA). Their hydrodynamic
diameter was 25 nm and zeta potential was −43 mV as per the manufacturer’s data.
Poly(ethylene glycol) methyl ether thiol (PEG; 5000 Da) was obtained from Sigma-Aldrich
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(St. Louis, MO, USA). PEG-coated AgNPs were fabricated by mixing 1 mg of AgNPs
with 100 µL of SH-PEG aqueous solution (1 mg of PEG dissolved in 100 µL of water),
and the resulting mixture was stirred for 2 h at room temperature. The hydrodynamic
diameter and zeta potential (ζ) were measured by dynamic light scattering at 25 ◦C with
a scattering angle of 173◦ using the Zetasizer Nano ZS system (Malvern, Malvern Hills,
UK). Stock solutions of nanoparticles were diluted in water and measured in triplicate
with 14 sub-runs. The suspensions had a pH value of 7.4. Zeta potentials were calculated
using the Smoluchowski limit for the Henry equation, by applying a setting calculated for
practical use (f(ka) = 1.5).

The characterization of AgNPs suspensions with different coatings studied in the
in vivo experiment included the analysis of zeta potential, hydrodynamic size (Zetasizer
Nano ZS; Malvern, Malvern Hills, UK), and aggregation state, as well as scanning elec-
tron microscopy (DSM 942; Carl Zeiss, Göttingen, Germany) and transmission electron
microscopy analyses (JOEL 1200 EX II; JOEL, Tokyo, Japan) (Table 3).

Table 3. Characterization of AgNPs after dispersion in water (modified based on Ref. [54]).

BSA-Coated
AgNPs

PEG-Coated
AgNPs

Citrate-Coated
AgNPs

Nominal size of Ag particles (nm) 20 ± 5 25 ± 5 25 ± 5
Dynamic light scattering (nm) 84.4 ± 3.7 58.3 ± 6.5 27.5 ± 5.6

Polydispersity index 0.295 0.144 ± 0.06 0.308 ± 0.05
Zeta potential (mV) –33.6 –30.2 –32.5

Data are expressed as mean ± SD, n = 3.

4.2. Animals and Experimental Design

Ten-week-old male Wistar rats (outbred Cmdb:Wi) (n = 39) were obtained from Medi-
cal University of Bialystok, Center for Experimental Medicine (Polish Breeder’s register
No. 003, GLP Certificate 16/2016/DPL). The rats had an initial body weight of 270 ± 9 g.
The animals were placed in polyurethane cages in an animal house under standard con-
ditions (lights on from 7:00 a.m. to 7:00 p.m., temperature 22 ± 1 ◦C, relative humidity
50 ± 5%, air exchange 15/h) and had access to feed (Labofeed B maintenance diet for
laboratory rats, carbohydrates 67%, fat 8%, and protein 25% of metabolic energy accord-
ing to AN93 recommendation; Kcynia, Poland) and water ad libitum. The animals were
individually marked and grouped in four per cage throughout the experiment. All the
study procedures were approved by the I Warsaw Local Ethics Committee for Animal
Experimentation (Resolution No. 788/2015 of 25.05.2015) and performed in accordance
with the guidelines of the European Communities Council Directive (Directive 2010/63/EU
of 22 September 2010), Polish law, and 3R rule (Replacement, Reduction and Refinement).

After 10 days of acclimatization to the conditions of the animal house, the rats were
randomly divided into five groups. The assessments were carried out in two turns, with
four rats per turn per group. The animals were administered orally by gavage with
(1) BSA-coated AgNPs (AgNPs(BSA)) (n = 8); (2) citrate-coated AgNPs (AgNPs(Cit)) (n = 8);
(3) PEG-coated AgNPs (AgNPs(PEG)) (n = 8); or (4) AgNO3 as a source of Ag+ (n = 8). An-
other group of rats were used as control (Ctrl group) (n = 7). All groups were administered
with 0.5 mg/kg b.w. of silver in 0.2 mL volume, whereas the Ctrl rats received 0.2 mL
of water. AgNPs administration was performed once a day from Monday to Friday for
4 weeks. The experiment involved six stages as follows: (1) handling period, to allow the
animals to accustom to the housing conditions and the experimenter (3 days); (2) treat-
ment period, during which the animals were orally exposed to AgNPs or Ag+ (28 days);
(3) habituation period, to allow the animals to accustom to the training procedure (during
5 days of the last week of AgNPs treatment period, the animals were habituated to the
behavioral test by placing them on a stable arena without shocks for 10 min each time;
(4) acquisition of short- and long-term spatial allothetic memory in the active allothetic
place avoidance task (AAPAT) (one 20-min session per day for 5 days); (5) 4-day break;



Int. J. Mol. Sci. 2021, 22, 12706 15 of 20

and (6) retrieval test to assess long-term memory (1 day). One week after the test, the rats
were bled from the heart while under deep isoflurane ((Baxter Healthcare, Warsaw, Poland)
anesthesia. The experimental design and timeline are presented in Figure 6.

1 
 

 

Figure 6. Experimental design and procedure scheme. Handling of rats was started 3 days before the
administration of AgNPs/Ag+/H2O. The rats were habituated for behavioral training during the
last 5 days of AgNPs administration.

4.3. Blood Collection, Hematological Analysis of Whole Blood, and Cytokine Profile in Plasma

The peripheral blood was collected in ethylene diamine tetra-acetic acid-coated test
tubes from the heart of rats while under deep isoflurane anesthesia. The collected whole
blood was centrifuged at 2200× g for 15 min at 4 ◦C, and the resulting plasma samples
were stored at −20 ◦C until further analysis. Hematological analysis was performed in
the whole blood using an Abacus Junior Vet analyzer (BioMaxima, Lublin, Poland). The
analysis included the assessment of the following parameters of red blood cells (RBC): total
number of RBC, mean corpuscular volume (MCV), red cell distribution width (RDWc),
mean corpuscular hemoglobin concentration (MCHC; mean concentration of hemoglobin
in erythrocytes), mean corpuscular hemoglobin (MCH; mean content of hemoglobin in
a single erythrocyte) in the cells, and concentration of hemoglobin (HGB). In addition,
immune cell parameters, such as the total number of white blood cells (WBC), mono-
cytes and eosinophils (MID), lymphocytes (LYM), granulocytes (GRA), platelets (PLT),
and hematocrit (HCT) were measured. The plasma levels of cytokines were determined
using the Bio-Plex ProTM Rat Cytokine 24-Plex Assay (Bio-Rad, Hercules, CA, USA) in the
Bio-Plex 200 System (Bio-Rad, Hercules, CA, USA). The final data were analyzed in the
Bio-Plex 3D Suspension Array System (Bio-Rad). The assay allows estimating the plasma
concentration of granulocyte stimulating factor (G-CSF), granulocyte macrophage colony
stimulating factor (GM-CSF), growth-related oncogene (GRO/KC), interferon γ (IFN-γ),
interleukin (IL) 1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12(p70), IL-13, IL-17A, and
IL-18, monocyte colony-stimulating factor (M-CSF), monocyte chemoattractant protein 1
(MCP-1), macrophage inflammatory protein 1α (MIP-1α) and 3α (MIP-3α), tumor necro-
sis factor alpha (TNF-α), vascular endothelial growth factor (VEGF), and regulated on
activation, normal T-cell expressed and secreted (RANTES).

4.4. Apparatus and Behavioral Procedure

Spatial memory of the rats was assessed by performing the AAPAT, as previously
described [55]. Briefly, the testing system consisted of a rotating 80 cm aluminum arena
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flanked by a 1 cm peripheral metal rim. The arena was placed 80 cm above the floor at the
center of a room containing many visual cues.

A virtual shock sector (60◦) was set in a stable position to the distal room cues (Room+),
whereas the proximal cues from the rotating arena were misleading (Arena−). The condi-
tion for generating conflict between the room and arena frames has been described in detail
elsewhere [55]. An infrared light-emitting diode (LED) was attached to a latex harness on
the back of each rat. The position of LED in the reference frame of the room was tracked ev-
ery 20 ms by a computer system using an infrared-sensitive TV camera. A second infrared
LED was fixed to the periphery of the arena to calculate the rat’s position in the reference
frame of the arena. Thus, a to-be-avoided sector was defined in the reference frame of both
room and arena. Before the experiment, the rats were implanted with a 25-gauge (0.50 mm)
hypodermic needle, puncturing the skin fold on the back. The sharp end of the needle
was then cut off, and a small loop was formed with tweezers. This loop was connected
by a mini-alligator clip attached with a cable to a shock box used for delivering electric
shocks. A computer system connected with an infrared TV camera was used to monitor
the position of the rat every 20 ms. Whenever the rat entered the to-be-avoided sector,
the computer system triggered a mild constant current (50 Hz, 0.5 s) foot-shock that was
delivered across the low- and high-impendence electrodes. The low-impendence (~100 Ω)
shock electrode was clipped to the needle loop on the rat’s back, while high-impendence
(~100 kΩ) shock was produced when the rat’s feet contacted the ground in the arena
surface. For each rat, the shock amplitude (0.2–0.5 mA) was adjusted so that its response
to the shock was moderate and did not induce freezing or attempts to escape from the
arena. If the rat stayed inside the shock sector, the shock was repeated at 1.5 s intervals
until it escaped from the sector. The arena was located in a separate room to maintain
constant experimental conditions, and the experiment was monitored from an adjacent
room. Data collection and analysis were performed using commercial software (Biosignal
Group, Acton, MA, USA) [55].

In the AAPAT, the shock sector was located in a fixed position relative to the relevant
room distal cues, whereas the proximal cues (e.g., urine or defecation) from the arena were
misleading (Room+Arena−). Thus, this task required the rats to use the reference frame of
the room and ignore information from the arena frame. Four days following the acquisition
training, the retrieval test on long-term memory recollection was conducted under the same
conditions as memory acquisition, but did not involve shocks. Spatial memory acquisition
was assessed on each of the 5 days of place avoidance training, by measuring the number of
entrances into the to-be-avoided sector (ENTR) and the number of shocks received by the
rat in a quarter of the arena with shock sector (SH). Moreover, on each day of the training,
short-term memory functioning was evaluated by measuring the maximum time avoided
(Tmax). Long-term memory was assessed by measuring the time to the first entrance to the
to-be-avoided or shock sector (T1). Learning skills were assessed by calculating the ratio
of the number of shocks per entrances (SHs/ENTRs). Performance of this task requires
the formation of spatial memory of a to-be-avoided sector which demands the rats to
segregate useful distal information from the room and misleading information from the
arena and self-motion. The noncognitive memory, presented as spontaneous activity, was
also examined during the assessment. Locomotion was measured as the locomotor activity
of rats which is expressed by the total path length.

4.5. Neurotransmitters Content in the Hippocampus

The levels of neurotransmitters (acetylcholine, dopamine, glutamic acid, and sero-
tonin) in the hippocampus were measured by quadrupole time-of-flight tandem mass
spectrometry (SCIEX TripleTOF 5600+ DuoSpray), and identification was performed based
on commercially available standards (Sigma-Aldrich, St. Louis, MO, USA). Briefly, rat
hippocampus was homogenized with 800 µL of an acetonitrile–methanol mixture (1:1) and
then vortexed (2000 rotations for 15 min) and centrifuged for 15 min at 13,000 rpm. The
resulting supernatant was transferred to glass autosampler vials and placed in an autosam-
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pler at 4 ◦C. For chromatographic separation, a Hypersil chromatographic column (BDS
C18, 150 × 4.6 mm, size 5 mm; Phenomenex, Torrance, CA, USA) along with a Hypersil
C18 guard column (10 × 2.1 mm, size 5 µm) was used. The mobile phase was made of
methanol–formic acid mixture (99:1, v/v; solvent A) and water–formic acid mixture (99:1,
v/v, solvent B). The flow rate was set constant at 500 µL · min−1. The gradient elution of
mobile phase was started at 100% A and proceeded as follows: 1.1–40 min linear gradient
to 100% B, 40.1–55 min 100% B, and 55.1–60 min linear gradient to 100% A. The total
runtime was 60 min. The optimized detection conditions for mass spectrometry (MS) were
as follows: curtain gas (N2)—25 psi, nebulizer gas (N2)—20 psi, heater gas (N2)—50 psi,
ion source voltage floating—5500 V, and source temperature—500 ◦C. Samples with a
heated electrospray ionization (ESI) probe were measured in positive ionization mode
(H-ESI+). Analysis of every third sample using the Calibrant Delivery System (SCIEX)
MS system was auto-calibrated using original calibrators (SCIEX). Quantitative analy-
sis and method validation were performed using the original SCIEX software (Analyst,
PeakView, MasterView).

4.6. Statistical Analysis

Experimental data were analyzed using Statistica software v. 13.3 (StatSoft, Tulsa, OK,
USA) for analysis of variance (ANOVA) and R statistical software v. 3.3.3 (www.rproject.
org/ accessed on 6 October 2021) (R: The R Project for Statistical Computing) for Fisher’s
Linear Discriminant Analysis (LDA). The results collected from behavioral tests and data
on body mass acquisition were analyzed by a two-way ANOVA (groups vs. days with
repeated measures on days) followed by a Tukey post hoc test. The measured hematological
parameters and plasma cytokine concentrations were analyzed with a one-way ANOVA,
with groups as a factor, followed by a Tukey post hoc test. Significance was set at a level of
p < 0.05. The residual normality of the data was verified by Shapiro–Wilk’s test. Brown–
Forsythe’s test was performed to determine homoscedasticity. The parameters which were
non normally distributed or revealed heteroscedasticity among experimental groups were
log-transformed before statistical evaluation. Results are presented as mean ± standard
error of the mean (SEM) of nontransformed values.

5. Conclusions

The present study showed that the effect of nanosilver on cognitive functions depends
on the coating material used for stabilization. Application of BSA- and PEG-coated AgNPs,
as well as AgNO3 as a source of Ag+, was found to result in the impairment of cognitive
functions. The substantial impairment of long-term memory, together with the impairment
of memory acquisition, observed in rats from the AgNPs(BSA) group confirmed that mem-
ory formation in this group was disturbed during the formation of memory traces and
their consolidation. Moreover, these rats did not improve their learning skills. Behavioral
disturbances co-occurred with changes in the hippocampal concentrations of neurotrans-
mitters as well as slight systemic changes, which indicates the pro-inflammatory nature of
the orally administered AgNPs. The results of the study suggest that the mechanism of
action of silver administered as ions (AgNO3 solution) differs from that of Ag+ released
from AgNPs. However, further studies including both in vivo and in vitro experiments are
necessary to assess the exact mechanism underlying the neurotoxicity of AgNPs.
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Strużyńska, L. Influence of a low dose of silver nanoparticles on cerebral myelin and behavior of adult rats. Toxicology 2016, 363,
29–36. [CrossRef]

32. Lyu, Z.; Ghoshdastidar, S.; Rekha, K.R.; Suresh, D.; Mao, J.; Bivens, N.; Kannan, R.; Rosenfeld, C.S.; Upendran, A. Devel-
opmental exposure to silver nanoparticles leads to long term gut dysbiosis and neurobehavioral alteration. Sci. Rep. 2021,
11, 6558. [CrossRef]

33. Liu, Z.; Ren, G.; Zhang, T.; Yang, Z. Action potential changes associated with the inhibitory effects on voltage-gated sodium
current of hippocampal CA1 neurons by silver nanoparticles. Toxicology 2009, 264, 179–184. [CrossRef] [PubMed]

34. Lynch, M.A. Long-term potentiation and memory. Physiol. Rev. 2004, 84, 87–136. [CrossRef]
35. Kalia, M. Neurobiological basis of depression: An update. Metabolism 2005, 54, 24–27. [CrossRef] [PubMed]
36. Tassabehji, N.M.; Corniola, R.S.; Alshingiti, A.; Levenson, C.W. Zinc deficiency induces depression-like symptoms in adult rats.

Physiol. Behav. 2008, 95, 365–369. [CrossRef]
37. Dan, M.; Wen, H.; Shao, A.; Xu, L. Silver nanoparticle exposure induces neurotoxicity in the rat hippocampus without increasing

the blood-brain barrier permeability. J. Biomed. Nanotechnol. 2018, 14, 1330–1338. [CrossRef]
38. Kempadoo, K.A.; Mosharov, E.V.; Choi, S.J.; Sulzer, D.; Kandel, E.R. Dopamine release from the locus coeruleus to the dorsal

hippocampus promotes spatial learning and memory. Proc. Natl. Acad. Sci. USA 2016, 113, 14835–14840. [CrossRef]
39. Williams, G.V.; Castner, S.A. Under the curve: Critical issues for elucidating D1 receptor function in working memory. Neuroscience

2006, 139, 263–276. [CrossRef]
40. Wise, R.A. Dopamine, learning and motivation. Nat. Rev. Neurosci. 2004, 5, 483–494. [CrossRef] [PubMed]
41. Stuchlik, A.; Rehakova, L.; Rambousek, L.; Svoboda, J.; Vales, K. Manipulation of D2 receptors with quinpirole and sulpiride affects

locomotor activity before spatial behavior of rats in an active place avoidance task. Neurosci. Res. 2007, 58, 133–139. [CrossRef]
42. Stuchlik, A.; Vales, K. Effect of dopamine D1 receptor antagonist SCH23390 and D1 agonist A77636 on active allothetic place

avoidance, a spatial cognition task. Behav. Brain Res. 2006, 172, 250–255. [CrossRef]
43. Ahmed, M.M.; Hussein, M.M.A. Neurotoxic effects of silver nanoparticles and the protective role of rutin. Biomed. Pharmacother.

2017, 90, 731–739. [CrossRef]
44. Safari, M.; Arbabi Bidgoli, S.; Rezayat, S.M. Differential neurotoxic effects of silver nanoparticles: A review with special emphasis

on potential biomarkers. Nanomed. J. 2016, 3, 83–94. [CrossRef]
45. Polet, M.; Laloux, L.; Cambier, S.; Ziebel, J.; Gutleb, A.C.; Schneider, Y.J. Soluble silver ions from silver nanoparticles induce a

polarised secretion of interleukin-8 in differentiated Caco-2 cells. Toxicol. Lett. 2020, 325, 14–24. [CrossRef]
46. Prasad, R.Y.; McGee, J.K.; Killius, M.G.; Suarez, D.A.; Blackman, C.F.; DeMarini, D.M.; Simmons, S.O. Investigating oxidative

stress and inflammatory responses elicited by silver nanoparticles using high-throughput reporter genes in HepG2 cells: Effect of
size, surface coating, and intracellular uptake. Toxicol. In Vitro 2013, 27, 2013–2021. [CrossRef]

47. Das, B.; Tripathy, S.; Adhikary, J.; Chattopadhyay, S.; Mandal, D.; Dash, S.K.; Das, S.; Dey, A.; Dey, S.K.; Das, D.; et al. Surface
modification minimizes the toxicity of silver nanoparticles: An in vitro and in vivo study. JBIC J. Biol. Inorg. Chem. 2017, 22,
893–918. [CrossRef]

http://doi.org/10.1186/s12989-020-00349-z
http://doi.org/10.3390/ijms22041942
http://doi.org/10.1080/10934529.2020.1735852
http://doi.org/10.1016/j.fct.2017.11.051
http://doi.org/10.3109/10717544.2015.1048488
http://www.ncbi.nlm.nih.gov/pubmed/26056719
http://doi.org/10.1016/j.ecoenv.2012.10.014
http://www.ncbi.nlm.nih.gov/pubmed/23146669
http://doi.org/10.1016/j.toxlet.2012.01.001
http://www.ncbi.nlm.nih.gov/pubmed/22245254
http://doi.org/10.1016/j.ntt.2015.08.006
http://www.ncbi.nlm.nih.gov/pubmed/26340819
http://doi.org/10.1016/j.nicl.2019.102158
http://doi.org/10.1016/j.tox.2016.07.007
http://doi.org/10.1038/s41598-021-85919-7
http://doi.org/10.1016/j.tox.2009.08.005
http://www.ncbi.nlm.nih.gov/pubmed/19683029
http://doi.org/10.1152/physrev.00014.2003
http://doi.org/10.1016/j.metabol.2005.01.009
http://www.ncbi.nlm.nih.gov/pubmed/15877309
http://doi.org/10.1016/j.physbeh.2008.06.017
http://doi.org/10.1166/jbn.2018.2563
http://doi.org/10.1073/pnas.1616515114
http://doi.org/10.1016/j.neuroscience.2005.09.028
http://doi.org/10.1038/nrn1406
http://www.ncbi.nlm.nih.gov/pubmed/15152198
http://doi.org/10.1016/j.neures.2007.02.006
http://doi.org/10.1016/j.bbr.2006.05.008
http://doi.org/10.1016/j.biopha.2017.04.026
http://doi.org/10.7508/nmj.2016.02.002
http://doi.org/10.1016/j.toxlet.2020.02.004
http://doi.org/10.1016/j.tiv.2013.07.005
http://doi.org/10.1007/s00775-017-1468-x


Int. J. Mol. Sci. 2021, 22, 12706 20 of 20

48. Huang, X.; Hussain, B.; Chang, J. Peripheral inflammation and blood—Brain barrier disruption: Effects and mechanisms. CNS
Neurosci. Ther. 2021, 27, 36–47. [CrossRef] [PubMed]

49. Chesnokova, V.; Pechnick, R.N.; Wawrowsky, K. Brain, Behavior, and Immunity Chronic peripheral inflammation, hippocampal
neurogenesis, and behavior. Brain Behav. Immun. 2016, 58, 1–8. [CrossRef] [PubMed]

50. Cueva, C.; Gil-Sánchez, I.; Tamargo, A.; Miralles, B.; Crespo, J.; Bartolomé, B.; Moreno-Arribas, M.V. Gastrointestinal digestion of
food-use silver nanoparticles in the dynamic SIMulator of the GastroIntestinal tract (simgi®). Impact on human gut microbiota.
Food Chem. Toxicol. 2019, 132, 110657. [CrossRef]

51. Abdelkhaliq, A.; van der Zande, M.; Undas, A.K.; Peters, R.J.B.; Bouwmeester, H. Impact of in vitro digestion on gastrointestinal
fate and uptake of silver nanoparticles with different surface modifications. Nanotoxicology 2020, 14, 111–126. [CrossRef]

52. Laloux, L.; Kastrati, D.; Cambier, S.; Gutleb, A.C.; Schneider, Y.J. The Food Matrix and the Gastrointestinal Fluids Alter the
Features of Silver Nanoparticles. Small 2020, 16, e1907687. [CrossRef] [PubMed]

53. Mwilu, S.K.; El Badawy, A.M.; Bradham, K.; Nelson, C.; Thomas, D.; Scheckel, K.G.; Tolaymat, T.; Ma, L.; Rogers, K.R. Changes in
silver nanoparticles exposed to human synthetic stomach fluid: Effects of particle size and surface chemistry. Sci. Total Environ.
2013, 447, 90–98. [CrossRef] [PubMed]
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