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Abstract: Silver nanoparticles have been widely used in the lighting and food industries, in medicine,
and in pharmaceutics as an antiseptic agent. Recent research demonstrates that, after prolonged oral
administration, silver nanoparticles may cross the blood-brain barrier and accumulate in the brain
in rather high amounts. In ex vivo experiments, it has also been shown that silver nanoparticles
demonstrate neurotoxicity. The objective of this work was to answer the questions whether silver
nanoparticles change cognitive and behavioral functions of mammals after prolonged administration
if silver nanoparticles have accumulated in the brain. C57Bl/6 male mice were orally exposed to
PVP-coated silver nanoparticles daily for 30, 60, 120 and 180 days. Control mice were exposed to
distilled water. After that they were tested in the Open Field, Elevated Plus Maze, Light-Dark Box
and contextual fear conditioning task. The data have shown that the experimental mice went through
three periods of switching in the behavior caused by adaptation to the toxic silver nanoparticles:
anxiety, appearance of research instinct and impairment of long-term memory. This provides evidence
of the hazardous effect of silver nanoparticles, which appears after long periods of silver nanoparticle
oral administration.
Keywords: silver nanoparticles; behavioral functions; cognitive functions; mammals; open field;
light-dark dox; elevated plus maze; contextual memory; accumulation in brain; neurotoxicity

1. Introduction
Silver is a well-known antiseptic agent, which has been applied from ancient times. For instance,
Hospitallers used silver dishes to protect themselves from bacterial and viral diseases [1]. Since the
beginning of the 2000s, silver has been applied mostly in nanoform in food and light industries,
medicine, pharmaceutics, etc. [2–5]. One type of application of nanosilver is in alternative medicine,
where food supplements performed by solutions of silver nanoparticles (Ag-NPs) are recommended
for humans for alteration of bacterial, viral and fungicidal diseases and to strengthen immunity.
The antiseptic properties of silver and Ag-NPs are due to their toxicity [6]. One of the possible
mechanisms of the toxicity is lysis, when silver ions accumulate in a bacterial cell and then the osmotic
pressure tears the cell up. At the nanoscale level, silver possesses various properties such as high
chemical activity and cellular penetrability, which make Ag-NPs more toxic than silver in its bulk form.
Despite the increase of nanosilver’s positive antibacterial, antiviral and fungicidal properties, it can
be toxic for healthy cells as well. This was shown in many in vitro and in vivo studies [6–10]. Recently,
in in-vitro experiments, it was demonstrated that silver nanoparticles may cross the blood-brain barrier
(BBB) of mammals, which protects the brain from toxic substances, and accumulate there [11,12].
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Moreover, Ag-NPs are difficult to eliminate from the brain, which may be due to the low exocytosis
level and low number of immune cells [13,14]. For instance, Ag-NPs do not tend to accumulate in
organs with a high number of immune cells such as liver and blood that can easily get rid of the
Ag-NPs. PVP-coated Ag-NPs were found in rather high amounts in blood, liver and brain after
2 months of daily oral administration of the nanoparticles (NPs) but after 1 month of washing them up
with distilled water, 75% and 80% of the silver was eliminated from the liver and the blood, respectively,
and just 5% of the silver was eliminated from the brain [13]. Further research on the investigation of
Ag-NP biokinetics in mammals protractedly exposed to the NPs was performed in [14]. In this research,
PVP-coated Ag-NPs were orally administrated to laboratory animals daily for 60, 120, 180 and 240 days
in the amount of 100 µg of silver per day per mouse in order to study Ag-Np accumulation. Exposition
was cancelled for the other groups of mammals after the pointed periods of the administration and
silver was washed up with sterile water during 30 days for 60 days of administration, 60 days for
120 days of administration, 30, 60 and 90 days for 180 days of administration to study the elimination of
silver. The content of silver in the brain and blood was measured by Instrumental Neutron Activation
Analysis [15]. A gradual increase of silver in the brain over time was observed. The same could
not be said about the blood. The rate of the elimination of silver from the blood was relatively high
during the whole study and remained approximately constant. The rate of silver elimination from the
brain was a time-dependent function. Firstly, it was slow but it drastically increased from 120 days of
the administration. These findings indicated some negative processes in brain caused by prolonged
exposure to Ag-NPs, which is important for further research.
The brain is composed of two major cell types, neurons and glial and also components of the brain
vasculature including endothelial cells, smooth muscle cells, and pericytes [16]. Crossing BBB Ag-NPs
may interact with all the cell types causing neurotoxicity. Firstly, they interact with astrocytes. It has
been shown in ex vivo research that PVP-coated Ag-NPs were accumulated by rat astrocytes in a timeand dose- dependent manner but they did not affect cell viability [17]. Another research demonstrated
the appearance of oxidative stress and acute calcium signals in primary astrocyte cultures in the ex
vivo experiment [18].
Interaction with neurons requires a lot of attention because their impairment may cause dementia
and neurodegenerative diseases. It was reported that Ag-NPs can induce significant cytotoxicity in
cultured cerebral cortical neurons in a dose-dependent and time-dependent manner. The viability
of cortical neurons significantly decreased at the tested time points after treatment with Ag-NPs at
concentrations of 2 µg/mL. The results of this study suggested that Ag-NPs may induce the apoptosis
of cortical neuronal cells by enhancement of intracellular ROS generation [19]. There are some other
studies that prove the neurotoxicity of Ag-NPs by establishing this effect in ex vivo and in vitro
experiments [20–24].
Histopathological data is emerging that summarizes the accumulation of Ag-NPs in the brain
and their neurotoxicity. This constitutes the other branch of research such as a study of the influence of
Ag-NPs on cognitive and behavioral functions. Some evidences of the slight ability and disability of
the Ag-NPs to change brain functions has been made but all of them were established for rather shot
periods of Ag-NP administration [25–30].
Rats were exposed to uncoated and PVP-coated Ag-NPs for 35 days and tested in the Morris
Water Maze (MWM) [25]. Latent time was significantly higher for the rats exposed to uncoated
NPs. However, no other drastic differences in behavior have been found. Another experiment [26]
demonstrates that there is no effect on reference memory and working memory of Ag-NP in MWM
after 7-day intraperitoneal injection of the NPs. However, 7-day treatment of Wistar rats with coated
Ag-NPs significantly decreased spontaneous alternation in the Y-maze task and working memory
functions in the radial arm-maze task, suggesting that nanoparticles have effects on short-term memory,
without affecting the long-term memory [27]. It was supposed that the memory deficit is caused by
the oxidative stress in the brain due to the Ag-NPs.
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Prenatal exposure to Ag-NPs significantly impaired the cognitive behavior of mice in the MWM.
Although there were no effects on the anxiety-like behaviors in the Elevated Plus Maze (EPM) in the
treated offspring, the number of defecations and leanings in the Open Field test (OF) and number of
passages in the Light-Dark Box test (LDB) were greater in the groups that were prenatally treated with
Ag-NPs. Most of the impairments were more apparent in the offspring which had been prenatally
exposed to high doses of Ag-NPs, particularly female ones [28]. Research [29] demonstrated a negative
influence of the intranasal injection of Ag-NPs to mice in the MWM. Male rats were exposed to Ag-NPs
for 1 week and several impairments of cognitive and motor functions have been found [30].
Taking into account the fact that humans face Ag-NPs daily in food, medicine, household goods,
food supplements and from the environment in drinking water, due to the recycling of low degradable
Ag-NPs, a lot of attention should be payed to the long-term Ag-NPs administration studies. Not only
acute experiments but also prolonged studies should be considered. Therefore, the aim of the present
research was to study the influence of Ag-NPs on mammal behavioral and cognitive functions after
long-time administration of the NPs.
2. Materials and Methods
2.1. Nanoparticles
The colloidal solution of Ag-NPs performed by the food supplement Argovit C manufactured in
the Russian Federation, Novosibirsk was used as nanosilver. It was packed in an opaque plastic 0.5 L
bottle. The NPs were coated with PVP, the initial concentration of silver in the solution was 10 µg/mL
in the distilled water.
Dynamical Light Scattering (DLS) and Transmission Electron Microscopy (TEM) were used to
measure the size and stability of the NPs. TEM has also been applied to visualize the NPs. For this
purpose, the initial solution was dissolved by distilled water up to the concentration of 0.1 µg/mL in
the amount of 15 mL. Half of the solution was used for the immediate measurements, the residual part
has been preserved in the refrigerator at the temperature +2 ◦ C for 1 year and then investigated with
DLS and TEM to check the stability of Ag-NPs.
For the immediate measurements the solution was divided into two equal parts for DLS and
for TEM. Before the measurements the solutions were sonicated in the ultrasonic bath for 15 min.
For DLS, 1 mL of the solution per measurement was poured into a plastic cuvette and a series of
measurements was accomplished. For TEM, 0.01 mL of the solution were applied to a carbon grid and
dried, and microscopic measurements were made. The same experiment was accomplished with the
preserved solution.
2.2. Animals
Eighty C57Bl/6 eight-week-old male mice, which weighed 19–27 g were purchased from the
Stolbovaya supplier, Moscow, Russia. Mice were kept in individual ventilated cages with the access
to standard laboratory food and water ad libitum under the controlled average room temperature of
23 ± 2 ◦ C and a 12:12 h light/dark cycle. All experimental procedures were performed in accordance
with the rules of the Ministry of Health of the Russian Federation (No. 267 of 19.06.2013) and the Local
Ethics Committee for Biomedical Research of the National Research Center ‘Kurchatov Institute’.
Animals were randomly divided to four experimental groups with 20 mice in each group:
“30 days”, “60 days”, “120 days” and “180 days”. One part of the animals in each group (n = 10) orally
received Ag-NP suspended in distilled water (50 µg per day) daily during the whole experiment. The
amount of consumed NPs was controlled by daily changing of the solution, cleaning the inner surface
of the drink containers and weighing the filled drinking containers before and after each day of the
exposure, calculating the amount of the solution that was drunk. The conditions with the certain
humidity and temperature maintained on average the same amount of consumed solution, i.e., NPs
during the experiment. The remaining part (control, n = 10) received sterile water.
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Body weight was monitored weekly during the whole exposure period.
Behavioral functions of the mice including locomotor activity, research activity and anxiety-like
behavior were assessed by commonly used neurobehavioral paradigms and the results were compared
according to the treatment.
2.3. Open Field (OF)
Mice of different groups were tested in the OF on the 31st (or 61st, 121st and 181st respectively)
day of the experiment. The OF is a plastic circular arena (d = 120 cm, h = 45 cm). Animals were
placed in the center of the arena. Mice were allowed to freely explore the OF for 5 min. Following the
experimental session, the mice were carefully removed from the OF, and returned to their home cages.
The arena was cleaned with 70% ethanol between the subjects. The trajectories of animal movements
were recorded using an automated video tracking system consisting of a Sony video camera (Tokyo,
Japan) located 2.5 m above the arena and a behavior video recording system EthoVision XT 8.5 (Noldus
Information Technology, Wageningen, The Netherlands). The obtained videos were analyzed in the
computer program EthoVision XT 8.5. The arena was subdivided into three areas: central (d = 60 cm),
peripheral (r = 10 cm, near the wall) and intermediate (between central and peripheral). Animals were
compared by the following parameters: distance traveled (total, central, intermediate and peripheral),
average speed (overall and in the areas), time spent in the areas, central and intermediate areas entries,
latent period of exit from the central area, number of rearings.
2.4. Elevated Plus Maze (EPM)
Anxiety-like behavior of mice was evaluated on the 33rd (or 63rd, 123rd and 183rd respectively)
day of the experiment. The EPM is comprised of two open arms (30 × 5 × 0.5 cm3 ) and perpendicular
two closed arms (30 × 5 × 15 cm3 ), which are connected by a common 5 × 5 cm2 central square.
The entire apparatus is 70 cm above the floor. Mice were placed in the central square, facing an open
arm and were allowed to explore the apparatus for 5 min. The maze was cleaned with 70% ethanol
after each test. The trajectories of animal movements were recorded using an automated video tracking
system consisting of a Sony video camera (Japan) located 2 m above the maze and a behavior video
recording system EthoVision XT 8.5 (Noldus Information Technology, The Netherlands). The obtained
videos were analyzed in the computer program EthoVision XT 8.5.
Animals were compared by the following parameters: open and closed arms entries, open and
closed arm duration, head dipping, rearing, latent period of the first approach in the closed and the
open arms, total distance traveled, overall average velocity.
2.5. Light-Dark Box (LDB)
Anxiety-like behavior and stress-like behavior of mice were evaluated on 35th (or 65th, 125th and
185th respectively) day of the experiment. The LDB test is based on the innate aversion of rodents from
illuminated areas and, on their spontaneous exploratory behavior in response to mild stressors, that
is, novel environment and light. The apparatus consists of two light and dark plexiglass chambers
(50 × 25 × 40 cm3 ) which are connected to each other by a 8 × 6 opening, and was cleaned with 70%
ethanol after each test. Each mouse was placed individually in the middle of the light chamber. Mice
were allowed to move freely between the two chambers and recordings were made over a 10-min
period. A video tracking device captured the movements of the mice in the light chamber by a Sony
video camera (Japan) located 2 m above the box and video recording system EthoVision XT 8.5.
Animals were compared by the following parameters: distance traveled and average speed in
the light chamber, the time spent in the light chamber, the latency to cross to the dark chamber, the
total number of transitions through the opening and the number of times that they peeped out of the
dark compartment.
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2.6. Contextual Fear Conditioning
To test the effect of silver nanoparticles on memory formation and retention, mice were trained and
their memory was tested in a contextual fear conditioning task using a Video Fear Conditioning System
(MED Associates Inc., Fairfax, VT) and the computer program Video Freeze v2.5.5.0 (MED Associates
Inc.). Video recordings of the animal behavior were made during training (on 48th, 78th, 138th and
198th day, respectively) and testing (on 49th, 79th, 139th and 199th day, respectively). The number and
duration of freezing acts were determined automatically.
Animals of each experimental group (the AgNPs exposed mice and control mice separately)
were randomly assigned to two subgroups: “active control (AC)” (n = 4) and “fear conditioning (FC)”
(n = 6). Mice from the “AC” subgroup were placed for 6 min into the experimental camera, where they
freely explored a new environment without a foot shock. Mice from ‘FC’ subgroup were placed for
6 min into the experimental camera, where they freely explored a new environment for 3 min, and
then 3 foot shocks (1 mA, 2 s) were delivered with a 1 min interval followed by a 1 min rest period.
Mice were returned to their home cages immediately after training. Twenty-four hours after training,
animals were tested for long-term memory retention (3 min in the experimental camera without a foot
shock). The proportion of freezing acts versus test duration was assessed as a measure of long-term
memory. Before placing each animal into the chamber, the chamber was wiped with 70% ethanol.
Animals were compared by the following parameters: the percentage of freezing acts in the range
before and after the current supply during training, the percentage of freezing acts during testing.
2.7. Bodyweight and Organ Weight
Bodyweight was controlled every week and the organ weight (brain, heart, kidneys, liver, spleen
and lungs) of 6 mice that were selected randomly from each group was measured at the end of
the study.
2.8. Statistical Analysis
Statistical analysis was performed with GraphPad Prizm 6 (La Jolla, CA, USA) by the
nonparametric Mann-Whitney test. The differences were considered significant at p < 0.05. All data
were expressed as means ± SEM.
3. Results
3.1. Nanoparticles
In the immediate DLS and TEM experiments, the average size of Ag-NPs was 34 ± 2 nm (Figure 1a)
and 31 ± 10 nm respectively. The TEM data showed that NPs were quasi-spherical (Figure 1b).
The size of NPs that were preserved for 1 year due to DLS and TEM was 36 ± 6 nm and 32 ± 11 nm
respectively. The visualization did not show significant agglomeration. Summing up all the evaluated
data on the NP size, the high stability of Argovit C Ag-NPs was shown.
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Figure 1. (a) Distribution of a number of particles by size for the initial measurements with Argovit C
delivered with Dynamical Light Scattering (DLS); (b) Microphotograph of Argovit C silver nanoparticle
Ag-NP visualized by Transmission Electron Microscopy (TEM).

3.2. Bodyweight and Organ Weight
Figure 2a–d shows that the mice grew normally during the experiment and there was no difference
between the experimental and reference mice except for the “120 days” (Figure 2c) mice, where the
Ag-NP group grew slower during whole period of the experiment. This may be caused by the
individual characteristics of the mice in this group. However, some loss of wait can be observed
for the testing periods and interestingly, the same oscillations in the body weight were observed for
“120 days” and “180 days” (Figure 2c,d) mice that correlate with the testing of the “30 days”, “60 days”
and “120 days” mice. This can be explained by the fact that their chambers were close to each other
and mice became anxious because they saw that the other mice disappeared or it might be due to
non-verbal communications.

Figure 2. Dependence of the mice body weight on time: “30 days” (a); “60 days” (b); “120 days” (c);
“180 days” (d).
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Figure 3 demonstrates lung weight for the different periods of Ag-NP administration. Reliable
differences between the reference and experimental groups were only observed for lungs. Ag-NP
group lungs for 30 and 180 days weigh less than the reference ones (Figure 3).

Figure 3. Weight of lungs per body weight for all groups. Reliable difference can be seen for the
“30 days” and for the “180 days”.

3.3. Open Field
Further, the data obtained in the OF is presented. Figure 4 shows that the locomotor activity of
the mice in terms of distance moved in different areas of the OF. There is no reliable difference in the
total moved distance (Figure 4a); however, the tendency shows that for all periods, reference mice
moved longer distances, except the “180 days” group, where the situation was the reverse. A reliable
difference can be seen in the Intermediate area for 60 and 120 days (Figure 4c), when the experimental
mice moved a shorter distance. However, the tendency for 30 days is the same for all areas. The
reverse tendency can be seen for 120 days in the Peripheral area (Figure 4b) and for 180 days in the
Intermediate (Figure 4c) and Central (Figure 4d) areas, where the distance moved by experimental
mice is higher, but for the Peripheral it is lower (Figure 4b).

Figure 4. Distance traveled in the areas of the Open Field (OF): total distance (a); in the Peripheral
area (b); in the Intermediate area (c); in the Central area (d).
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Figure 5 demonstrates time spent in all areas of the OF. Firstly, for 30 days the tendency to avoid
the Peripheral area and to choose Intermediate and Central areas for the experimental mice can be seen.
Later, this tendency changes to reverse reliable difference: experimental mice choose the Peripheral
area (Figure 5a) and avoided the Intermediate (Figure 5b) and the Central (Figure 5c) areas for 60 and
120 days. However, the tendency reversibly changed for 180 days, when the experimental mice chose
the Intermediate and the Central areas and avoided the Peripheral area.

Figure 5. Time spent in the Peripheral (a); the Intermediate (b) and the Central (c) areas for different
periods of the experiment.

Some intermediate conclusions on the data obtained in the OF can be made. In absolute values,
all groups of mice moved a longer distance and spent more time in the Peripheral area, followed by the
Intermediate area. The least distance and time can be seen in the Central area, which is normal for mice.
However, differences between the experimental and the reference mice demonstrate the influence
of Ag-NPs on mice behavior. First of all, let us trace the reference mice. Slow degradation of the
research instinct and the interest to explore the media performed by decreasing the traveled distance
in more dangerous areas such as the Central and the Intermediate and enhancement of the time spent
in all areas can be seen for all reference groups. This is due to aging. Mean velocity performed on the
Figure 6 proves this assumption. Mice become slower with age.
Experimental mice demonstrated a different type of behavior up to 120 days of the experiment.
Choosing the Peripheral area at the early and the intermediate stages of the experiment may be
evidence of the appearance of anxiety which switched to reliably similar behavior with the control
mice by 180 days.
Let us consider further behavioral characteristics in the OF. Figure 7 shows the number of
transitions between different areas for different periods of the experiment. It can be seen that the
number of transitions into the Central area is lower than the same value for the Intermediate area,
which is normal for cautious mice behavior. Firstly, for 30 days (Figure 7a) only the tendency of
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transition number decreasing for Ag-NP group is observed. Reliable difference has been found for
60 days (Figure 7b), when the total number and the number of transitions into the Intermediate area
for the experimental group is less than that of the reference group. The same tendency can be seen
for the Central area as well. However, interestingly, the tendency changed reversibly for 180 days
(Figure 7d). This could be due to the loss of cautions or to the research instinct development.

Figure 6. Mean velocity: total (a); in the Peripheral area (b); in the Intermediate area (c); in the
Central area (d).

Figure 7. Number of transitions between the areas for different periods of Ag-NP administration:
30 days (a); 60 days (b); 120 days (c); 180 days (d).
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Latent time (Figure 8) is the period of time between placing a mouse into the Central area and the
first entrance into the Intermediate area. A reliable difference has been found for 120 days. The latent
time for the Ag-NP mice is lower than for the reference mice, which could constitute evidence about
the development of anxiety or the research instinct.

Figure 8. Latent time for different periods of the experiment. The reliable difference can be seen for
120 days.

Figure 9 demonstrates the number of rearings, which is typical behavior of mouse when it explores
such media. It can be seen that for 120 days, Ag-NP mice made a reliably higher number of rearings.
Taking into the account the number of transitions between areas and difference in latent time, it can be
concluded that, up to 120 days, mice started to research the media more thoroughly.

Figure 9. Number of rearings for different periods of the experiment. The reliable difference can be
seen for 120 days.

3.4. Elevated Plus Maze
Analyses of the data obtained from the EPM showed that Ag-NPs had no significant effects on
the behavior of mice in EPM.
3.5. Light-Dark Box
The following performed data are obtained in the LDB. Figure 10 demonstrates the number of
times that mice peeped out of the dark chamber. The number is reliably lower for 30 and for 120 days,
which may provide evidence about the mice’s anxiety. However, Figure 11 demonstrates the number
of transitions between the chambers, which proves the proposal only for 30 days. For 120 days, no
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reliable difference in the number of transitions between the experimental and the control groups was
observed. However, the tendency shows that the number of transitions for 180 days is even higher
for the Ag-NP group. This result may evidence the presence of prevalence of research instinct for the
experimental mice for the longer periods of Ag-NP administration than 30 days and some anxiety for
30 days. It also may show a decreasing caution in the Ag-NP mice when the research activity increased.

Figure 10. Number of times that mice peeped out of the dark chamber into the light chamber for the
different periods of the experiment.

Figure 11. Number of transitions between the dark and the light chambers for the different periods of
the experiment.

3.6. Contextual Fear Conditioning
The most interesting results were received in the contextual fear conditioning model. Figure 12a
shows the number of freezing acts for all “30 day” groups before learning and after learning. The
numbers of the freezing acts before learning are low and reliably equal for all groups. The numbers of
freezing acts are reliably higher for the FC of the control mice and for Ag-NP mice than for the AC at
24 h after learning. Figure 12b demonstrates the comparison in the freezing acts between the reference
and the experimental groups for different periods of the test for the 30-day group. Firstly, it can be
seen that the number of freezing acts for the Ag-NP and the reference mice is low before the electric
pulse exposure. Then, 1 min after the exposure, the numbers of freezing acts dramatically increase for
both groups and are reliably equal, which demonstrates the fine quality of learning. The numbers of
the freezing acts in 24 hours after learning are slightly decreased for both groups and no difference can
reliably be seen, which constitutes evidence of no contextual memory impairment.
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Figure 12. Number of the freezing acts in the Freezing chamber for “30 day” group of mice.
(a) demonstrates the quality of learning for the Ag-NP groups and the reference groups between the
fear conditioning (FC) and the active control (AC); (b) is the comparison in the learning and the formed
contextual memory between the Ag-NP groups and the reference groups.

Qualitatively similar data are obtained for “60 days” and for “120 days”; therefore, the results are
not presented.
The data of high interest were received for the “180 days” group, which is presented in Figure 13.
Figure 13a shows the fine quality of learning performed by comparison between the AC and the FC
groups within the Ag-NP and reference groups. The comparison between the Ag-NP groups and the
reference groups led to an untypical result. Despite the good learning performed by the data on the
number of the freezing acts in 1 min after the electric pulses exposure, the contextual memory testing
in 24 h after the exposure demonstrates reliable decreasing of the freezing act number for the Ag-NP
group (Figure 13b), which is evidence of a degradation of cognitive function.

Figure 13. Number of the freezing acts in the freezing chamber for “180 day” group of mice.
(a) demonstrates the quality of learning for the Ag-NP groups and the reference groups between the
FC and the AC; (b) is the comparison in the learning and the formed contextual memory between
Ag-NP groups and the reference groups. Reliable degradation of the contextual memory for Ag-NP
group can be seen for the testing at 24 h after the exposure, which is performed by the number of
freezing act’s decreasing.

4. Discussion
The data obtained in the behavioral tests such as the OF, the LDB and the EPM in the combination
with the data received in the cognitive test provide evidence about the certain dependency in the
influence of Ag-NPs on mammal cognitive functions. First of all, the anxiety in behavior, which can
be regarded as a negative symptom, becomes noticeable for the periods of 30–60 days of the Ag-NP
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administration. Later, the anxiety is switched to the appearance of research instinct; the fear is lost and
some improvement in behavior can be observed. However, for 180 days of the experiment the tendency
of brave behavior was found. This could be regarded as a positive symptom; however, consideration
of the data obtained in the cognitive test provides evidence about the reliable degradation of the
contextual memory, which is obviously negative. A precise look at the data obtained in the behavioral
tests shows that at the 180 days Ag-NP mice become slower and investigate the media more thoroughly,
which is due to the loss of memory. However, no reliable results were found in the behavioral test
and the drastic difference found in the cognitive test in the “180 days” group may be explained by the
time difference in testing in the behavioral tests and in the contextual fear conditioning task. Thus,
more time had been left and higher dose of the Ag-NPs had been received by the mice undergoing the
cognitive testing; therefore, the effect was more obvious.
The idea is that the switching in behavior is due to the development of the adaptation mechanism
to the potential toxic substance, which led to the changes in behavior. However, in terms of the
contextual memory degradation, it caused space orientation difficulties and required the mice to spend
more time investigating the media. Thus, mice went through two periods of adaptation to the toxic
AG-NPs: anxiety and development of research instinct, which did not succeed because the Ag-NPs
finally led to the degradation of the long-term memory.
Summing up the data of the high accumulation level of Ag-NPs in the brain, it can be concluded
that Ag-NPs may be considered as a hazardous agent, which is most dangerous after relatively short
(30–60 days) and long periods of administration (more than 120 days). Therefore, a lot of attention
should be payed to the oral adopting of Ag-NP food supplements and the drugs in humans. If the
doses are quite low but the period of administration is long, certain, perhaps, irreversible consequences
in the cognition and behavior may occur.
Acknowledgments: The present research was financially supported by the Russian Foundation of Basic Research
(project No. 16-32-00850 mol_a). The funds for covering the costs to publish in open access received from
the project.
Author Contributions: Pavel Kashkarov and Anna Antsiferova initiated the research; Anna Antsiferova received
funds from the foundation for accomplishing the research; Pavel Kashkarov organized the work on the
implementation of the study; Anna Antsiferova designed the experiment; Anna Antsiferova purchased all
the necessary materials; Anna Antsiferova performed DLS and TEM measurements and analyzed the data;
Marina Kopaeva performed the biological experiment and analyzed the data; Anna Antsiferova interpreted the
data and wrote the paper.
Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References
1.
2.
3.
4.
5.
6.

Norwich, J.J. The Middle Sea: A History of the Mediterranean; Chatto & Windus: London, UK, 2006; p. 667.
ISBN 0701176083.
Beyene, H.D.; Werkneh, A.A.; Bezabh, H.K.; Ambaye, T.G. Synthesis paradigm and applications of silver
nanoparticles (AgNPs), a review. Sustain. Mater. Technol. 2017, 13, 18–23. [CrossRef]
Zhang, S.; Tang, Y.; Vlahovic, B. A review on preparation and application of silver-containing nanofibers.
Nanoscale Res. Lett. 2016, 11, 80. [CrossRef] [PubMed]
Nurani, S.J.; Saha, C.K.; Khan, M.A.R.; Sunny, S.M.H. Silver Nanoparticles Synthesis, Properties, Applications
and Future Perspectives: A Short Review. IOSR-JEEE 2015, 10, 117–126. [CrossRef]
Rafique, M.; Sadaf, I.; Rafique, M.S.; Tahir, M.B. A review on green synthesis of silver nanoparticles and their
applications. Artificial Cells. Nanomed. Biotechnol. 2017, 45, 1272–1291. [CrossRef]
Marin, S.; Vlasceanu, G.M.; Tiplea, R.E.; Bucur, I.R.; Lemnaru, M.; Marin, M.M.; Grumezescu, A.M.
Application and toxicity of silver nanoparticles: A recent review. Curr. Top. Med. Chem. 2015, 15, 1596–1604.
[CrossRef] [PubMed]

Materials 2018, 11, 558

7.

8.

9.
10.

11.
12.

13.

14.

15.
16.
17.
18.

19.

20.
21.

22.
23.

24.
25.

26.
27.

14 of 15

Katsumiti, A.; Gilliland, D.; Arostegui, I.; Cajaraville, M.P. Mechanism of toxicity of Ag nanoparticles in
comparison to bulk and ionic Ag mussel hemocytes and gill cells. PLoS ONE 2015, 10, e129039. [CrossRef]
[PubMed]
Tripathi, D.K.; Tripathi, A.; Shweta, S.S.; Singh, Y.; Vishwakarma, K.; Vishwakarma, K.; Yadav, G.; Sharma, S.;
Singh, V.K.; Mishra, R.K.; et al. Uptake, accumulation and toxicity of silver nanoparticles in autotrophic
plants, and heterotrophic microbes: A concentric review. Front. Microbiol. 2017, 8, 7. [CrossRef] [PubMed]
Beer, C.; Foldbjerg, R.; Hayashi, Y.; Sutherland, D.S.; Autrup, H. Toxicity of silver
nanoparticles—Nanoparticles or silver ions? Toxicol. Lett. 2012, 208, 286–292. [CrossRef] [PubMed]
Vazquez-Muñoz, R.; Borrego, B.; Juárez-Moreno, K.; García-García, M.; Mota Morales, J.D.;
Bogdanchikova, N. Toxicity of silver nanoparticles in biological systems: Does the complexity of biological
system matter? Toxicol. Lett. 2017, 276, 11–20. [CrossRef] [PubMed]
Oberdorster, G.; Sharp, Z.; Atudorei, V.; Elder, A.; Gelein, R.; Kreyling, W.; Cox, C. Translocation of inhaled
ultrafine particles to the brain. Inhal. Toxicol. 2004, 16, 437–445. [CrossRef] [PubMed]
Antsiferova, A.A.; Buzulukov, Y.P.; Demin, V.A.; Demin, V.F.; Rogatkin, D.A.; Petritskaya, E.N.; Abaeva, L.F.;
Kashkarov, P.K. Radiotracer methods and neutron activation analysis for the investigation of nanoparticle
biokinetics in living organisms. Nanotechnol. Russ. 2015, 10, 100–108. [CrossRef]
Antsiferova, A.A.; Buzulukov, Y.P.; Demin, V.A.; Kashkarov, P.K.; Kovalchuk, M.V.; Petritskaya, E.N.
Extremely low level of Ag nanoparticle excretion from mice brain in in vivo experiments. IOP Conf. Ser.
Mater. Sci. Eng. 2015, 98, 012003. [CrossRef]
Antsiferova, A.A.; Buzulukov, Y.P.; Kashkarov, P.K.; Kovalchuk, M.V. Experimental and theoretical study
of the transport of silver nanoparticles at their prolonged administration into a mammal organism.
Crystallogr. Rep. 2016, 61, 1020–1026. [CrossRef]
Frontasyeva, M.V. Neutron Activation Analysis in the Life Sciences. Phys. Part. Nuclei 2011, 42, 332–378.
[CrossRef]
Safari, M.; Bidgoli, S.A.; Rezayat, S.M. Differential neurotoxic effects of silver nanoparticles: A review with
special emphasis on potential biomarkers. Nanomed. J. 2016, 3, 83–94. [CrossRef]
Luther, E.M.; Koehler, Y.; Diendorf, J.; Epple, M.; Dringen, R. Accumulation of silver nanoparticles by
cultured primary brain astrocytes. Nanotechnology 2011, 22, 375101. [CrossRef] [PubMed]
Haase, A.; Rott, S.; Mention, A.; Graf, P.; Plendl, J.; Thunemann, A.F.; Meier, W.P.; Taubert, A.; Luch, A.;
Reiser, G. Effects of silver nanoparticles on primary mixed neural cell cultures: Uptake, oxidative stress and
acute calcium responses. Toxicol. Sci. 2012, 126, 457–468. [CrossRef] [PubMed]
Kim, S.H.; Ko, J.W.; Koh, S.K.; Lee, I.C.; Son, J.M.; Moon, C.; Kim, S.H.; Shin, D.H.; Kim, D.C. Silver
nanoparticles induce apoptotic cell death in cultured cerebral cortical neurons. Mol. Cell. Toxicol. 2014, 10,
173–179. [CrossRef]
Siddiqi, N.J.; Abdelhalim, M.A.; El-Ansary, A.K.; Alhomida, A.S.; Ong, W.Y. Identification of potential
biomarkers of gold nanoparticle toxicity in rat brains. J. Neuroinflamm. 2012, 9, 123. [CrossRef] [PubMed]
Xu, L.; Shao, A.; Zhao, Y.; Wang, Z.; Zhang, C.; Sun, Y.; Deng, J.; Chou, L.L. Neurotoxicity of silver
nanoparticles in rat brain after intragastric exposure. J. Nanosci. Nanotechnol. 2015, 15, 4215–4223. [CrossRef]
[PubMed]
Ahmed, M.M.; Hussein, M.M.A. Neurotoxic effect of silver nanoparticles and protective role of rutin.
Biomed. Pharmacother. 2017, 90, 731–739. [CrossRef] [PubMed]
Sun, C.; Yin, N.; Wen, R.; Liu, W.; Jia, Y.; Hu, L.; Zhou, Q.; Jiang, G. Silver nanoparticles induced neurotoxicity
through oxidative stress in rat cerebral astrocytes is distinct from the effect of silver ions. NeuroToxicology
2016, 52, 210–221. [CrossRef] [PubMed]
Prakash, P.J.; Royana, S.; Sankarsan, P.; Rajeev, S. The review of small size silver nanoparticle neurotoxicity:
A repeat study. J. Cytol. Histol. 2017, 8. [CrossRef]
Wu, J.; Yu, C.; Tan, Y.; Hou, Z.; Li, M.; Shao, F.; Lu, X. Effects of prenatal exposure to silver nanoparticles on
spatial cognition and hippocampal neurodevelopment in rats. Environ. Res. 2015, 138, 67–73. [CrossRef]
[PubMed]
Liu, P.; Huang, Z.; Gu, N. Exposure to silver nanoparticles does not affect cognitive outcome or hippocampal
neurogenesis in adult mice. Ecotoxicol. Environ. Saf. 2013, 87, 124–130. [CrossRef] [PubMed]
Hritcu, L.; Stefan, M.; Ursu, L.; Neagu, A.; Mihasan, M.; Tartau, L.; Melnig, V. Exposure to silver nanoparticles
induces oxidative stress and memory deficit in laboratory rats. Cent. Eur. J. Biol. 2011, 6, 497–509. [CrossRef]

Materials 2018, 11, 558

28.

29.

30.

15 of 15

Ghaderi, S.; Tabatabaei, S.R.; Varzi, H.N.; Rashno, M. Induced adverse effects of prenatal exposure to silver
nanoparticles on neurobehavioral development of offspring of mice. J. Toxicol. Sci. 2015, 40, 263–275.
[CrossRef] [PubMed]
Davenport, L.L.; Hsieh, H.; Eppert, B.L.; Carreira, V.S.; Krishan, M.; Ingle, T.; Howard, P.C.; Williams, M.T.;
Vorhees, C.V.; Genter, M.B. Systematic and behavioral effects of intranasal administration of silver
nanoparticles. Neurotoxicol. Teratol. 2015, 51, 68–76. [CrossRef] [PubMed]
Sharma, H.S.; Ali, S.F.; Tian, Z.R.; Hussain, S.M.; Schlager, J.J.; Sjoquist, P.-O.; Sharma, A.; Muresanu, D.F.
Chronic treatment with nanoparticles exacerbate hyperthermia induced blood-brain barrier breakdown,
cognitive dysfunction and brain pathology in the rat. Neuroprotective effects of nanowired-antioxidant
compound H-290/51. J. Nanosci. Nanotechnol. 2009, 9, 5073–5090. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

