Journal of Occupational Medicine and Toxicology© The Author(s) 2023
https://doi.org/10.1186/s12995-023-00381-7

Review

The effect of silver nanoparticles on learning and memory in rodents: "a systematic review"

Farshad Safaei1, Javad Farimaneh2, Ali Rajabi Mohammad Abad3, Ehsan Iranmanesh4, Fatemeh Arabpour5, Farzad Doostishoar6 and Zahra Taherizadeh3, 4  
(1)Department of Basic Sciences, Faculty of Veterinary Medicine, Urmia University, Urmia, Iran

(2)Department of Physiology, Faculty of Veterinary Medicine, Shahid Chamran University of Ahvaz, Ahvaz, Iran

(3)The School of Veterinary Medicine, Ferdowsi University of Mashhad, Mashhad, Iran

(4)Neuroscience Research Center, Institute of Neuropharmacology, Kerman University of Medical Sciences, Kerman, Iran

(5)Orthodontics department, school of dentistry, Shahid Sadoughi University of Medical Sciences, Yazd, Iran

(6)Centre of Experimental Medicine, Slovak Academy of Sciences, Bratislava, Slovakia

 

 
Zahra Taherizadeh
Email: z.taherizade@yahoo.com



Received: 10 February 2023Accepted: 7 July 2023Published online: 1 August 2023
Abstract
Background
Silver nanoparticles (AgNPs) are widely used in medicine owing to their antiseptic activity and inducing cell death. Despite AgNPs' importance in nano-engineering and medical benefits, animal studies have shown silver toxicity can damage multiple organs such as the lungs, liver, kidneys, intestines, and brain. Several investigations revealed the correlation between Ag administration by different methods with impaired cognitive and behavioral abilities. Therefore, this systematic review aimed to conclude on the existing evidence of impairments in learning and memory that were changed in rodents exposed to AgNPs.

Methods
Main searches were retrieved in Google Scholar, Scopus, Web of Science, and PubMed databases from 1979 to 2022. Eligibility Criteria were applied to select and extract 15 articles among 892.

Results
Learning and memory abilities of rats and mice in screened studies were evaluated with MWM, NORT, PAL, T-maze, Y-maze, contextual fear conditioning, Radial Arm Maze and Carousel Maze test. Data have shown various sizes from 10 to 100 nm could affect the results of tests among animals exposed to AgNPs compared with control animals. However, in some treatments, results achieved from tests have not demonstrated significant differences between control and treated groups.

Conclusion
Studies have revealed that treatment with Ag-NPs of different sizes can impair learning and memory skills in rats and mice.
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	Blood Brain Barrier
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	Radical Oxygen Species
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	N-Methyl-D- Aspartate

	JNK
	Jun-N Terminal Kinase

	ERK
	Extracellular Signal-Regulated Kinase




Background
Learning and memory are two of the most essential and important higher brain functions which are closely related together [1]. Learning refers to the process of taking information from the external environment, and on the other, hand memory is the processing of information, storing it, and use of the information later [2, 3]. There are several methods for assessing learning and memory in animal studies (Table 1.) such as shuttle box test for evaluating the passive avoidance learning(PAL), contextual fear conditioning, and Morris Water Maze(MWM) [4]. In the MWM, spatial learning and memory can be evaluated in animals [5]. Radial Arm Maze is another valid test to assess the rodent's memory. Both spatial and non-spatial memory can be evaluated in this task [6]. The Y maze can be used to evaluate short-term memory and spatial working memory in rodents [7]. The other task that is used widely in research studies on rodent’s cognitive ability is the Novel Object Recognition Test(NORT) which is applied to study recognition, learning, and memory, attention, and novelty preferences [8]. Also, for assessing the spatial memory the Carousel Maze is performed and the T-maze task is carried out in rodents to evaluate their spatial working memory [4, 9]. The development of learning and memory skills relies on neurons’ changes either chemically or physically which can be spread through the brain network. This distribution results from potential synaptic connections and neuron communication. So, chemicals and physical alterations play a critical role in the brain’s function and ability such as learning and memory, and these two impaired cognitive skills cause several chronic diseases such as Alzheimer’s disease and Parkinson's disease. Genetic factors that modulate the plasticity of intrinsic excitability likely underlie individual differences in cognitive function and susceptibility to cognitive decline. For example, brain-derived neurotrophic factor (BDNF) stimulates differentiation of neurons, and also enhances learning and memory by adjusting neuronal plasticity. It is clearly stated that genetic features regulate neuroplasticity in the brain and also can make it susceptible to cognitive decline, but intrinsic excitability which modulates learning may be changed by other environmental factors [10, 11].Table 1Tests and aims


	The name of the test
	The aim of the evaluation

	Morris Water Maze (MWM)
	spatial learning and memory

	Radial Arm Maze
	spatial and non-spatial memory

	Y- Maze
	short-term memory and spatial working memory

	T-Maze
	spatial working memory

	Carousel Maze
	spatial memory

	Shuttle Box Test
	passive avoidance learning(PAL)

	Novel Object Recognition Test(NORT)
	recognition, learning and memory

	Contextual Fear Conditioning Test
	associative fear learning and memory




Nowadays, the wide utility of metallic nanoparticles in biomedical sciences and nanotechnology such as conjugating for antibodies, pharmacological targets, and imaging modalities (MRI, CT, and PET) increase human exposure to heavy metals as toxic and pathologic components. Nano-engineering became common among researchers across the world in recent years owing to rapid technological advances. These kinds of nanoparticles are produced in different sizes that vary from 1 to 100 nm and they can significantly impact on population health [12]. Ag nanoparticles (AgNPs) are applicable nanomaterial in medicine that are used as an antimicrobial production that shows antiseptic activity owing to silver toxicity that induces cell death by making changes in the enzymatic system, and cell permeation. Several studies have shown the toxic effects of AgNP on numerous cell lines such as macrophages, embryonic kidney cells, skin keratinocytes, hepatocytes, neuroblastoma cells, etc. Moreover, animal studies have demonstrated that AgNP administered to animals by different methods such as inhalation, ingestion, or Injections, these nanoparticles detect presence in the blood, and finally lead to toxicity of multiple organs such as the lungs, liver, kidneys, intestines, and brain. In addition, AgNP has high aggregation potential in various organs specifically in brain tissues. The accumulation of AgNPs in the brain is correlated with releasing pro-inflammatory mediators such as Tumour necrosis factor (TNF-α), interleukins and prostaglandins which help AgNPs to pass the BBB (blood brain barrier) easier due to increased permeability of cerebral microvascular. As a result, AgNPs are permitted to transfer through different areas of the brain which would lead to elevated oxidation, apoptosis, and dysregulate the gene expression [13–15]. Meanwhile, silver genotoxicity causes disruptions in the transport of neurotransmitters such as dopamine, norepinephrine, and serotonin in the neural pathway, and any changes in these neurotransmitters may lead to cognitive and behavioral disturbance, especially regarding learning and memory. So, in this study, we reviewed different treatments with AgNPs that may impair learning and memory skills among rodents.

Methods
Search strategy
The studies have been systematically searched on online databases in Web of Science, PubMed, Scopus databases, and Google Scholar from 1979 to 2022. All articles were collected with search terms is shown in Fig. 1.[image: ]
Fig. 1Search terms for article selection



Inclusion and exclusion criteria
Our researchers for retrieving papers were divided into two groups of two members. The first group assessed inclusion and exclusion criteria, and the second group argued on differences that needed to be solved. Finally, those reviewers decided on articles to include or exclude a systematic review study according to criteria. Inclusion criteria: 1. Original articles that evaluate the effect of AgNPs on learning and memory in rodents and published in English 2. No limitation on race and gender 3. Experimental groups should be exposed to AgNPs and the control group did not receive anything, and both of them should be tested for learning and memory. 4 more than five animals were used in each group. Exclusion criteria: 1 Studies do not use a control group. 2 duplicate publications 3. Conference papers 4. Systematic review and meta-analysis. 5 Title and abstract that was irrelevant to AgNPs. 6. data unrelated to learning and memory. All these inclusion and exclusion criteria are shown in Fig. 2.[image: ]
Fig. 2Inclusion and exclusion criteria



Study selection and data extraction
Two reviewers extracted information for each article. The extracted data: 1. basic information for each article including the year of publication, first author's name, animal characteristics (species, gender), the particle size of AgNPs, and methods of learning and memory evaluation. 2. data about treatment such as the method of exposure (injection, inhalation …), treatment duration, and dosage 3. results of learning and memory tests. A third reviewer unraveled contrasts of extracted information. Finally, Characteristics of included studies are showed in Table 2.Table 2Characteristics of included studies


	 	author
	animal
	sex
	age
	AgNPs size
(nm)
	Dose/ days
	administration
	test
	result

	1
	B. Bouta 2016 [16]
	rat
	male
	adult
	10 ± 4
	0.2 mg/kg
14 days
	gavage
	NORT
	p > 0.05

	2
	Sh. Khezri 2022 [17]
	rat
	male
	adult
	10
	50 ppm
100 ppm
200 ppm
400 ppm
21 days
	IP
	NORT
	p > 0.05
p < 0.05
p < 0.001
p < 0.001

	MWM
	Significant in sizes > 50 ppm
For both learning and memory values

	Y-maze
	In treated groups with sizes > 50 ppm:
p < 0.001

	3
	M. Ghaleb 2021 [18]
	mice
	male
	adult
	19.5 ± 5
	40 mg/kg
35 days
	IP
	T-maze
	p < 0.001

	MWM
	For both learning and memory values:
p < 0.001

	PAL
	p < 0.001

	4
	K.Dziendzikowska 2021 [19]
	rat
	male
	adult
	20 ± 5
	0.5 mg/kg
28 days
	orally
	PAL
	p < 0.05

	5
	M. Wesierskaa 2018 [19]
	rat
	male
	adult
	20 ± 5
	*1 mg/kg
**30 mg/kg
28 days
	orally
	Carousel Maze
	*p < 0.001
**p < 0.003

	6
	L. Davenport 2015 [20]
	mice
	male
	adult
	25
	50 mg/kg
7 days
	IP
	NORT
	p > 0.05

	MWM
	Learning:
p > 0.05
Memory:
p < 0.05

	7
	L. Hritcu 2011 [21]
	rat
	male
	adult
	29 and 23
	5 µg/kg
10 µg/kg
7 days
	IP
	Y-Maze
	In both treated groups:
p < 0.0001

	Radial arm maze
	In both treated groups:
p < 0.01

	8
	I. Zinicovscaia 2021 [22]
	mice
	male
	adult
	34 ± 1.4
	13 mg/ml
4 month
2 month
	orally
	MWM
	Learning:
No difference
Memory:
No difference

	9
	A. Antsiferova 2018 [23]
	mice
	male
	adult
	34 ± 2
and
31 ± 10
	2 µg/mL
30 days
60 days
120 days
180 days
	orally
	contextual fear conditioning
	No difference in learning in all groups except 180: p < 0.01
No difference in memory in all groups except 180: p < 0.05

	10
	A. Antsiferova 2021 [24]
	mice
	male
	adult
	34 ± 5
	50 µg/mL
30 days
60 days
120 days
180 days
	orally
	contextual fear conditioning
	Learning in all treated groups:
No difference
Memory:
No difference
No difference
No difference
p < 0.05

	11
	P. Liu 2012 [25]
	mice
	male
	adult
	36.3 ± 1.2
	10 mg/kg
25 mg/kg
50 mg/kg
7 days
	IP
	MWM
	In all groups:
Learning:
No difference
Memory:
No difference

	12
	Y. Liu 2012 [26]
	rat
	male
	adult
	32.68
to
38.21
	3 mg/kg
30 mg/kg
12 days
	Intranasal
	MWM
	In both treated groups:
Learning:
p < 0.01
memory:
p < 0.05

	13
	Kh. Greish 2019 [15]
	mice
	male
	adult
	1 to 100
Average:35
	mg/kg
2 μg per animal
1 dose
2 doses/ 1 w
3 doses/3 w
	IV
	MWM
	Learning in all treated groups:
p < 0.0001
memory:
p < 0.05
p < 0.005
p < 0.001

	14
	J. Wu 2015 [27]
	rat
	male
	Offspring
PND35
	20 to 50
Average:35
	0.427 mg Ag per g rat
During pregnancy
	IP
	MWM
	Learning:
p < 0.05
memory:
p < 0.05

	15
	S. Ghaderi 2015 [28]
	mice
	Male
Female
	Offspring
PND45-49
	5 to 70
Average:
32 ± 6.6
	* 0.2 mg/kg
**2 mg/kg
During
Pregnancy
(once every 3 days)
	Subcutaneous
	MWM
	Learning:
* p > 0.05
**p < 0.01
memory:
* p < 0.05
**p < 0.01

	PAL
	p > 0.05






Result
According to the search strategy, 892 articles were recorded from mentioned databases. The title and summary of the articles were considered by reviewers, then, 173 duplicated articles were removed, and 719 articles were considered for further evaluations. After that, the third reviewer excluded 704 documents based on exclusion criteria and 15 articles were included for the systematic review based on this search strategy (Fig. 3.).[image: ]
Fig. 3Search strategy


Main outcomes
Beata Dabrowska Bouta in 2016 published data through a study has evaluated recognition learning and memory by a novel object recognition test (NORT) on male Wistar adult rats that received nanosilver with 10 ± 4 nm size and dosage of 0.2 mg/kg by gastric tube for 2 weeks. The administration of saline, Ag + , and nano-Ag have shown all groups were similar in NORT analyzed by one-way ANOVA (P > 0.05). So, it was indicated that a low dose of silver could not induce neurotoxicity and changes in the behavioral evaluation [16].
M. Wesierskaa in the year 2018 revealed a finding from the Carousel Maze test with active place avoidance task was done to assess spatial allothetic memory conducted by cognitive coordination processes among male Wistar adult rats which were treated by AgNPs 20 nm ± 5 nm. According to the method, rats were administered orally in two dosages (1 mg/kg + 30 mg/kg) for 28 days, and data are claimed separately as follows: Rats received 30 mg/kg AgNPs: NOAEL value have shown rats from this group performed significantly lower than control group in long-term memory and short-term memory. Rats received 1 mg/kg AgNPs: Data achieved after administration of 1 mg/kg AgNPs has indicated that administered rats by both 1 and 30 mg/kg AgNPs were impaired in their memory function [9].
Katarzyna Dziendzikowska in 2021 claimed according to the article how spatial memory and learning and memory can be impaired by silver nanoparticles 20 ± 5 nm on male Wistar rats by a dosage 0.5 mg/kg. Assessment of spatial memory with shuttle box test: After oral administration for 28 days, an active allothetic place avoidance task was performed and their findings have demonstrated that indexes have to be decreased showing memory assessment, and through this task, all groups performed significantly different which explained a dysfunctional spatial memory in rats that received AgNPs. As a consequence, impairment in memory in all groups was observed [19].
Lucian Hritcu 2011 has published data about deficits in learning and memory after silver nanoparticles administration intraperitoneal by two different sizes (29 nm, 23 nm) on male Wistar rats with 5 µg/kg and 10 µg/kg (both dosages for both sizes) during a week. After that, Y-maze Task and radial arm-maze task were used to evaluate impairments. As a result, through the Y-maze trial, recorded information was reported a remarkable alternation of spatial memory function among rats treated with 5 and 10 doses and both sizes. So, that has been understood by a significant reduction in the continuous change percentage compared with rats in the control group has indicated how short-term memory was impaired. Although groups administered by silver have shown noticeable changes in comparison with control ones, both silver receiver groups were similar in result. Through the radial arm-maze trial, working memory errors (WME) have illustrated a significant different interaction between groups that revealed short-term memory deficient. Meanwhile, both groups treated with AgNPs demonstrated more WME than the control group and they had no significant differences in comparison with each other [21].
Laurie L. Davenport in the year 2015 designed a study on male C57BL/6 mice by Ag intranasal administration. So, particles were used with the size of 25 nm, and a dose of 50 mg/kg was applied by both single doses and repeated doses for 7 days. Finally, spatial learning and memory were assessed by NOR and MWM tests. Findings based on NORT have revealed no significant differences in preference for the novel object in rats who received 50 mg/kg AgNPs for a week compared with the control group. Also, according to data after MWM, there were no remarkable differences among each group on day 1, and travel distances among them were not significantly different which suggested no disability in spatial learning had happened. After the learning phase, a probe trial was performed to evaluate spatial memory that indicated rats treated with 50 mg/kg AgNPs spent less time significantly in the target quadrant. As a result, the probe trial has displayed a reduction in spatial memory through silver toxicity [20].
Mohsen Ghaleb in the year 2021 performed a research project on male mice which were intraperitoneally injected for 35 days with Ag-NPs (40 mg/kg) (19.5 ± 5 nm). After day 35, behavioral evaluation was carried out to assess neurotoxicity induced in mice. As a result, mice exposed to Ag-NPs have shown weak performance through memory tasks in the T-maze experiment. All value parameters including the number of entries into the main arm and food arm, additionally the time taken to spend time in the food arm were significantly different among mice with Ag-NPs administration compared to control mice. Data achieved from shuttle box test have demonstrated that the number of intertribal, stimulated, and reinforced crossings were noticeably decreased in mice treated by Ag-NPs than control group. Also, the males exposed to silver nanoparticles have shown poor learning ability due to spending more time responding to the shock in comparison to the control group. The third evaluation was done by MWM. Collected data from this test have revealed longer escape latencies among longer escape latencies which means impaired learning skills. Also, the probe test time was recorded longer in the treated group compared to the control group, and that displayed an impairment in spatial memory in mice. In conclusion, all these three behavioral tests clarified cognitive behaviors were altered through Ag-NPs [4].
In the year 2022, Shiva Khezri was successful to evaluate silver nanoparticle toxicity on male Wistar rats which were intraperitoneally exposed to Ag-NPs(10 nm) for 21 days with three different dosages of 50, 100, 200, and 400 ppm. The released data from NOR test and Y-maze task have demonstrated that all three administered dosages of Ag-NPs (100, 200, and 400 ppm) were significantly effective in decreasing recognition learning and memory tasks and spatial working memory. Additionally, MWM tests have revealed groups exposed to Ag-NPs with the dosage more than 50 ppm performed with impaired learning skills compared to their control rats during tests based on value parameters including the traveled distance, and escape latency of the training days. Likewise, the time spent in the target quadrant, which give data about spatial memory, shown a noticeable reduction among rats treated with AgNPs (the dosage more than 50 ppm). Although both values were significantly increased among treated rats, the swimming speeds had shown no noticeable differences. So, data obviously displays how Ag-NPs can adversely affect all recognition and spatial learning and memory among male rats treated with dosages more than 50 ppm [17].
In 2012 Ye Liu explained how a low dose (3 mg/kg) and a high dose (30 mg/kg) of silver nanoparticles can cause detrimental impacts on spatial learning and memory. Through this study, male Wistar adult rats received Ag-NPs with the sizes from 32.68 to 38.21 nm and two different dosages for 12 days by nasal administration. Then, the MWM task was applied to evaluate silver neurobehavioral toxicity. Based on the escape latency measurement, all three groups passed this index progressively from day 1 to 4. While both low dose and high dose of silver influenced spatial learning detrimentally in comparison with the control group, control rats could record lower escape latencies. Also, there was a difference among rats who received 3 and 30 mg/kg that is not significant and low doses had been reported with lower records in the same measurement. After the spatial learning phase, a probe test was done to assess the spatial memory that revealed there were two significant differences in both time percentages spent in the target quadrant and the number of crossings on the hidden platform in rats treated by Ag than control ones. In other words, both measurements have decreased among rats who received silver nanoparticles in comparison with the control group, also a high dose of silver was obviously lower. In conclusion, both phases in spatial cognition evaluation could indicate how Ag-np exacerbates spatial skills with various dosages [26].
According to recent research done by Anna A. Antsiferova in 2021, silver nanoparticles with a size of about 34 ± 5 nm can influence C57BL adult male mice's cognitive ability. So, it was evaluated by contextual fear conditioning at a dose of 50 µg per day. There were four experimental groups as follows: rats treated orally by Ag-NP for 30, 60, 120, and 180 days. Consequently, these findings have proven learning ability was not changed by Ag-NPs. Nevertheless, according to data from the long-term contextual memory, there were no remarkable differences in control rats in comparison with Ag-NP groups at 30 days, exceptionally, a significant difference was reported at 180 days of administration which had indicated impaired memory through silver toxicity [24].
Anna Antsiferova during the year 2018 conducted an exploration including four different groups of C57Bl/6 eight-week-old male mice which were orally treated with silver nanoparticles every day with the size 34 ± 2 nm and at concentrations of 2 µg/mL. These mice were divided into four groups which had received Ag-NPs respectively for 30, 60, 120, and 180 days. At the end of each period, the Light–Dark Box test was done to assess learning and memory parameters. According to the similar information received from 30, 60, and 120-days groups, the number of freezing acts was low before performing the electric pulse among both control and treated mice, after the electric pulse, the number of freezing acts significantly increased in both groups which mean Ag exposure for 30 days did not affect the quality of learning in male mice. Also, a slight decrease was observed in both groups in the number of freezing acts in learning during the 24 h time-course. Therefore, contextual memory was not impaired. However, based on data from mice exposed to silver nanoparticles for 180 days, it was concluded that both contextual learning and memory were noticeably impaired [23].
Peidang Liu in the year 2012 by MWM task on adult male ICR mice could evaluate silver detrimental effects in spatial learning and memory, while the particles size was 36.3 ± 1.2 nm, and dosage was determined for three different groups as follows: 10,25, and 50 mg/kg Intraperitoneal administered for 7 days. There was a significant difference between group and day, however, there were no significant differences among mice that experienced Ag exposure, therefore, spatial cognition with no impairment performed perfectly [25].
Jinjin Wu in 2015 started to appraise how silver toxicity during pregnancy can affect male offspring's spatial learning and memory assessed by MWM. So, Ag-NPs were made in the size of 20–50 nm, and have been intraperitoneal administered to mothers in four forms: polyvinyl pyrrolidone (PVP)-coated, uncoated-NPs (0.427mgA pregnant), Ag NPs (0.407 mg/g rat), silver nitrate (0.013 mg/ g rat). Then, male offspring at postnatalday35(PND35) were entered into MWM, and two-way ANOVA analyzed data from the average escape latency to indicate any disability in spatial learning. While data after the third test day has shown a significant increase in the escape latency among rats who received uncoated Ag-NPs compared with other rats treated with a silver. As a result, uncoated Ag-NPs were found as a detrimental factor in the spatial learning of rat offspring. Similarly, in the probe trial rats administered with the uncoated Ag-NPs revealed a significant reduction in spent time in the target quadrant than all other groups, and other groups have shown no reliable difference. In sum, hippocampal neurodevelopment and spatial ability related to cognition can be damaged in rat offspring, if maternal exposure to Ag- NPs during pregnancy has occurred [27].
Similar to Jinjin Wu’s study, Ghaderi in the year 2015 studied NMRI mice exposed prenatally to high doses of silver nanoparticles (0.2 and 2 mg/kg of body weight (BW)) and subcutaneous injection with the size between 5–70 nm. So, female mice were receiving Ag-NPs from gestation day 3, and it was repeated once every three days until parturition. When offspring from both male and female gender were 45 to 49 days old, MWM and passive avoidance learning (PAL) tests were applied to assess their spatial cognition. According to statistical data from the MWM task during 4 days, performances during training trials were improved by a decreasing trend among all rats, although this trend was significantly different. Also, the average moved distance was different in rats that received 2 mg/kg Ag-NPs compared with the control group. The swim average speed during continuous training trials, while there was no statistical variation among rats. Additionally, the Ag-NPs administration was not dependent on sex at during the task. Consequently, mice performances were not affected by gender, and showed a valuable difference for the percentage of traveled distance in the target quadrant). Both distance and the time spent in the target quadrant were recorded lower significantly in rats treated with 2 mg/kg Ag-NPs compared with the control group. A remarkable difference was reported between male and female offspring receiving silver. In conclusion, not only Ag-NPs impaired spatial learning, but also it can detrimentally change spatial memory. Based on the second behavioral task, PAL data analyzed by two-way ANOVA (treatment × sex) has demonstrated that Ag-NPs have not changed indexes evaluated in passive avoidance learning [28].
In 2019 Khaled Greish used Adult male BALB/C mice to evaluate the neurotoxicity of silver nanoparticles. So, they designed this study to administer Ag-NPs in various sizes from 30 to 40 and at a very low dosage (0.1 mg/kg, 2 μg per animal) intravenously. Also, the administration has been conducted by a single injection, 2 injections with a week interval, and 3 injections over 3 weeks. Consequently, rats in the control group were observed normally during the learning assessment and could pass the latency with a reduced trend to find hidden the platform in the pool between the first trial. However, rats that received Ag-NPs were not successful to pass this time with a decreased shift from the initial to the end. Similarly, the distance traveled by rats to reach the submerged platform was recorded to obey a decreased trend, and the AgNPs treated rats could not follow this normal pattern. With a comparison in the escape latency between control rats, and rats receiving one AgNPs administration. But this measurement has not shown any significant variation between the groups treated with one or two AgNPs injections, or between the ones treated with two or three AgNPs administrations. Also, the swimming speed measurement was not observed significantly different among all rats, which indicated that the lower swimming speed has not played an effective role to prevent a reduction trend in the escape latency, and abnormal data from time is associated with learning disability. Owing to the probe trial data, after eliminating the submerged platform, the total time spent was recorded in all 4 quadrants, and time spent by rats in the target quadrant, where the platform was located, could suggest how spatial memory was altered abnormally. In conclusion, analyzed outcomes from this behavioral test directed our finding to impaired spatial learning and memory induced by silver nanoparticles [15].
In 2021, Zinicovscaia managed a project on mice to evaluate the chronic effects of Silver Nanoparticles on cognitive skills. Those mice were exposed to Ag-NPs with a specific concentration (13 mg/ml) and size of 34 ± 1.4 nm by oral Administration through drinking water. One group was treated with silver nanoparticles for 2 months, and the second group for 4 months. At the end of the treatment, a MWM test was applied on mice for 3 groups. Results from the MWM of selective tests have shown that the total moved distance to the platform and the distance to the platform in both groups treated by silver nanoparticles was significantly different compared to the control groups. Then, through evaluating the latency to the platform, it was revealed that both the 2-month experiment and the 4-months experiment revealed significant differences than control mice. Although, other parameters’ values were not significantly noticeable from each day. Results from the MWM of the main test have statistically demonstrated no significant differences in parameters’ values among experimental groups compared to controls. So, it is concluded that Ag-NPs with a dosage of 13 mg/ml and size of 34 ± 1.4 nm in mice treated for 2 and 4 months do not affect spatial learning and memory [22].


Discussion
After 47 different kinds of administration, 8 tasks evaluated learning and memory (Table 3.). According to the achieved data, 30 treatments with AgNPs indicated a significant alteration in those cognitive skills, while 17 treatments did not illustrate significant impairment among rats. So, we categorized all factors that are effective in AgNPs neurotoxicity induction among rodents and explained them based on variations in sizes and doses of AgNPs, exposure duration to AgNPs, sex, species and strains of animals. Then, immunological mechanism and pathways which contributed in AgNPs toxicity were discussed in addition to changes occurred and assessed by genomics.Table 3Tasks and results


	 	Significant
	Non-significant

	MWM
Different treated groups: 19
Sig:13
Non-sig:6
	100 ppm
	21 days
	10 nm
	Learning
memory
	50 ppm
	21 days
	10 nm
	Learning
memory

	200 ppm
	21 days
	10 nm
	Learning
memory
	50 mg/kg
	7 days
	36.3 ± 1.2 nm
	Learning
memory

	400 ppm
	21 days
	10 nm
	Learning
memory
	13 mg/ml
	4 month
	34 ± 1.4 nm
	Learning
memory

	40 mg/kg
	35 days
	19.5 ± 5 nm
	Learning
memory
	13 mg/ml
	2 month
	34 ± 1.4 nm
	Learning
memory

	50 mg/kg
	7 days
	25 nm
	memory
	10 mg/kg
	7 days
	36.3 ± 1.2 nm
	Learning
memory

	3 mg/kg
	12 days
	32.68
to
38.21 nm
	Learning
memory
	25 mg/kg
	7 days
	36.3 ± 1.2 nm
	Learning
memory

	30 mg/kg
	12 days
	32.68
to
38.21 nm
	Learning
memory
	 
	mg/kg
2 μg per
animal
	1 dose
	35 nm
	Learning
memory

	0.1 mg/kg
2 μg per
animal
	2 doses/ 1 w
	35 nm
	Learning
memory

	0.1 mg/kg
2 μg per
animal
	3 doses/3 w
	35 nm
	Learning
memory

	0.427 mg Ag per g rat
	During pregnancy
	35 nm
	Learning
memory

	2 mg/kg
	During pregnancy
(once every 3 days)
	32 ± 6.6 nm
	Learning
memory

	0.2 mg/kg
	During pregnancy
(once every 3 days)
	32 ± 6.6 nm
	memory

	NORT
Different treated groups
:6
Sig:3
Non-sig:3
	100 ppm
	21 days
	10 nm
	Learning
memory
	0.2 mg/kg
	14 days
	10 ± 4 nm
	Learning
memory

	200 ppm
	21 days
	10 nm
	Learning
memory
	50 ppm
	21 days
	10 nm
	Learning
memory

	400 ppm
	21 days
	10 nm
	Learning
memory
	50 mg/kg
	7 days
	25 nm
	Learning
memory

	PAL
Different treated groups: 3
Sig:2
Non-sig:1
	40 mg/kg
	35 days
	19.5 ± 5 nm
	Learning
memory
	0.2 mg/kg
	During pregnancy (once every 3 days)
	32 ± 6.6 nm
	Learning

	0.5 mg/kg
	28 days
	20 ± 5 nm
	Learning
memory
	 
	Contextual Fear Conditioning
Different treated groups: 8
Sig:2
Non-sig:6
	2 µg/mL
	180 days
	34 ± 2
and
31 ± 10 nm
	Learning
memory
	2 µg/mL
	30 days
	34 ± 2
and
31 ± 10 nm
	Learning
memory

	5 µg/mL
	180 days
	34 ± 5 nm
	memory
	2 µg/mL
	60 days
	34 ± 2
and
31 ± 10 nm
	Learning
memory

	 	2 µg/mL
	120 days
	34 ± 2
and
31 ± 10 nm
	Learning
memory

	5 µg/mL
	30 days
	34 ± 5 nm
	Learning
memory

	5 µg/mL
	60 days
	34 ± 5 nm
	Learning
memory

	5 µg/mL
	120 days
	34 ± 5 nm
	Learning
memory

	Y-Maze
Different treated groups: 6
Sig:5
Non-sig:1
	100 ppm
	21 days
	10 nm
	memory
	50 ppm
	21 days
	10 nm
	memory

	200 ppm
	21 days
	10 nm
	memory
	 
	400 ppm
	21 days
	10 nm
	memory

	5 µg/kg
	7 days
	29 and 23 nm
	memory

	10 µg/kg
	7 days
	29 and 23 nm
	memory

	T-Maze
Different treated groups: 1
Sig:1
Non-sig:0
	40 mg/kg
	35 days
	19.5 ± 5 nm
	memory

	Carousel Maze
Different treated groups: 2
Sig:2
Non-sig:0
	1 mg/kg
	28 days
	20 ± 5 nm
	memory

	30 mg/kg
	28 days
	20 ± 5 nm
	memory

	Radial Arm Maze
Different treated groups:2
Sig:2
Non-sig:0
	5 µg/kg
	7 days
	29 and 23
nm
	memory

	10 µg/kg
	7 days
	29 and 23
nm
	memory




Influence of the size
A study discussed the various sizes of AgNPs including a wide range from small size of 10 nm to the large size of 50 nm. Their findings indicate that silver is affected by the different bio-relevant conditions. Nanoparticle aggregation has a huge influence on their biological activity. Remarkably, the larger particles demonstrated a higher resistance to external influences. Larger particles have a more pronounced impact than smaller ones. Studies have been conducted in vitro on cytotoxicity and antibacterials. These studies were done by treating cells with nanomaterial accumulation at different stages of development. Thus, the toxicity of AgNPs results in a complete loss of biological activity and higher levels of aggregation resistance observed for larger particulates have had a significant influence on in vitro toxicity, because these samples retain more activity against bacteria and mammalian cells. These results show that, despite the prevailing opinion of the literature on nanomaterials, it is not feasible to aim for the smallest possible particle size. The increase in size of nanomaterials can significantly reduce the rate of aggregation, which is inevitable within biological systems and natural environments. The present common approach in the relevant literature, which promotes the concept of 'less is more' with regard to biological uses of nanomaterials, calls into question this conclusion. Although it is well known that smaller nanoparticles of the same bioactive chemical composition have a higher toxicity, results suggest that there is a significant difference between toxicity and longevity if sustained biological effects are desired. This suggests that the balance needs to be achieved with this trade off, which would have a major impact on this view of nanoparticle toxicity in scientific research [29]. Moreover, another study explored that AgNPs induced cytotoxicity in the culture of endothelial cells in the rat brain and the problem arises from citrate coated spherical AgNPs. They cause cell damage to the membrane and affect colony formation of RBE4. In assessing membrane damage by Neutral Red (NR) uptake assays, it was shown that a significant decrease in dye uptake had been achieved when exposed to Ag10 compared with untreated cells. The effect has been found to be dependent on particle size, particle surface area, dose and exposure time. Likewise, the dose dependent decrease of NR uptake when exposed to AgNPs (7–10 nm) was observed in use of HepG2 (a human liver derived cell line) [30].

Influence of the dose
As mentioned in the previous paragraph, various doses of the AgNPs induce different effects and there are more studies about biological toxicity of green synthesized silver nanoparticles in rat’s brains which varies depending on doses. For example, an examination of the toxicity of green synthetic AgNPs on cortical and hippocampal levels of oxidative stress markers and the activity of acetylcholinesterase (AchE) and monoamine neurotransmitters (DA, NE, and 5H-T) have been done. Then, AgNPs showed minimal oxidative stress in the cortex and hippocampus at the doses administered. However, AgNP showed a dose dependent inhibitory effect on the activity of the AchE and a decrease in 5Ht and NE levels by administration of the low (0.5 mg/kg), the medium (5 mg/kg) and the high doses (10 mg/kg). Therefore, the rate of AgNP synthesis was determined to be associated with dose when examining brain tissue. However, Nitric oxide increased in the cortex only when rats were treated with high doses of AgNP(10 mg/kg), and a significant change was not observed at those two doses (0.5 mg/kg and 5 mg/kg). Therefore, 5H-T and norepinephrine have been significantly reduced at the high dose of 10 mg kg. It is known that alterations in monoamine neurotransmitters may be involved in many neurological disorders [31]. More exploration on rat's brains found AgNPs impaired mitochondrial function through autophagy even with a low dose (0.2 mg/kg). Accordingly, the autophagy was confirmed by protein markers including: beclin 1 and microtubule-associated proteins 1A/1B light chain 3B which were expressed more than a normal level. In addition to molecular findings, pathological investigations showed changes in cellular morphology such as swelling that results in reduced ATP and energy [32]. There is a study that assessed hematological and biochemical factors in rats exposed to two doses of AgNPs, then evaluated histopathological changes in their brain tissue. So, data revealed that both low (100 mg/kg/day) and high (500 mg/kg/day) doses of AgNPs accumulated in the brain and induced significant cellular alterations [33].

Influence of the exposure duration
According to several studies, the time of AgNPs administration is directly correlated with the toxicity and brain dysfunction. There is some information which is provided by a research study about neuronal changes in rat’s brains with diabetic who were exposed to AgNPs with a dose of 10 mg/kg everydays for 1 month [34]. Previous studies have demonstrated that chronic intranasal administration of a daily dose of 1 mg/ kg of AgNPs for 12 weeks results in silver accumulation in the Sprague–Dawley rat’s brain for a long time. Nasal exposure from olfactory epithelium is the main method for inducing neurotoxicity and AgNPs can distribute into the brain tissue with a high concentration after a chronic administration [35]. Similarly, a study on Sprague–Dawley rats exposed to three different dosages of AgNPs showed inhalation toxicity and a high concentration of silver in the brain within 28 days in a group that received high doses of AgNPs [36]. Also, another exploration revealed that the daily gastric administration of AgNPs with a dose of 0.2 mg/kg after 14 days was accumulated in hippocampal and cerebral regions among rats [37].

Influence of the gender
There are few studies that assess the cognitive and behavioral impairments among female animals exposed to AgNPs and researchers ordinarily prefer male animals. According to the results and other previous articles discussed above in different sections, male rats that have been administered by different doses of AgNPs, especially during a long term, have shown significant changes in their brain tissue and their behavior. Although, we found two articles which compare data from male and female animals in order to conclude about sex differentiation and impaired learning and memory with AgNPs exposure that observed no significant differences between male and female [36, 38]. Moreover, there are a couple of limited articles on female animals which received AgNPs during their pregnancy and then offspring were evaluated by PAL and MWM and showed impaired learning and memory abilities [28].

Influence of the species and strain
The main aim in this systematic review was the learning and memory assessment of rodents exposed to AgNPs. As we evaluated selected articles two different species including rats and mice were used in those articles and that were also different in their strain.

Rats
The result from an exploration demonstrated that exposure to AgNPs and ZnONPs among male albino rats caused a remarkable change in their stress oxidative assessments in their brain [34]. Also, sprague–dawley rats were used in several research projects for assessment of AgNPs neurotoxicity and histopathological examinations depicted AgNPs were increased in the sprague–dawley rats' brains in both genders [35, 36].

Mice
Furthermore, mice were suitable animals for evaluation of AgNPs toxicity in many organs such as the brain. As published data explained that AgNPs induced some changes in the neuronal system of Balb/C mice through making the blood brain barrier (BBB) more permeable. After the injection, histopathological finding from brain tissue showed astrocytes were changed with a noticeable edema in those regions [39]. Additionally, more evidence presented the AgNPs had no effect on neurons among C57BL/6 J mice by increasing ROS and inflammatory factors or decreasing the BBB integrity. Nevertheless, behavioral assessment revealed no significant impairments in open field task and the X-maze task, except motor function test [38].

Genomics
According to the previous explanations, the performance of neural cells in the brain was changed during exposure to AgNPs. The cell’s function is directly associated with gene expression and related products which regulate the cell’s role, so any alterations and abnormal output remind a change in the genome. For this reason, transcriptomic gene-network data potentially clarify these huge changes occurred into cells exposed to AgNPs.
There is some information from gene-network analysis which are provided by several studies about neurodegeneration in neurons of mouse received AgNPs. As a result, the expression of the gene of interferon regulatory factor 1 (IRF1) as an important immunological factor in AgNPs neurotoxicity was altered in three kinds of neural cells. Likewise, the data collected from real-time PCR revealed that the gene expression of RasGRF1 was noticeably increased after AgNPs administration and BCL2 genes were expressed significantly fewer. Furthermore, western blot results demonstrated that amyloid precursor protein (APP) was induced in cells exposed to AgNPs [40]. Additionally, AgNPs exposure affects DNA methylation and the gene expression of histone via data obtained from genome-scale assessment in mice [41]. There is some information which is provided by a research study on human cells to assess the AgNPs toxicity and immune response with mass cytometry and scRNA-seq. Consequently, the transcriptomic data showed genes which contributed with metabolism, apoptosis and oxidative stress were changed in their expression after receiving AgNPs and a relation was reported between AgNPs dose and cell responses to the toxicity [42]. A similar result was obtained in the study on mice that reported the gene expression of oxidative stress factors such as NADPH oxidase, glutathione reductase and glutathione peroxidase were increased after exposure to AgNPs [43]. As published data explained that AgNPs neurotoxicity among mice is in accordance with the PI3K/AKT/mTOR signaling pathway in their hippocampus and also the autophagy which was started after phosphorylation and increasing in caspase-3 and Bax alongside a decreasing in Bcl-2. This information was collected by western blot and RT-qPCR evaluations that showed the mRNA and proteins level of p-PI3K p85 (Tyr458), p-AKT (Ser473), p-mTOR (Ser 2448) were higher, while the expression of PI3K p85, AKT, mTOR was lower in the AgNPs group than the control group. All these changes resulted in the activation of the PI3K/AKT/mTOR signaling pathway. Moreover, the phosphorylation occurred more about PI3K, AKT and mTOR while gene expression of PI3K, AKT and mTOR was observed less in mice receiving the AgNPs. Besides, autophagy was detected by both TEM and the gene expression evaluation. An increased level of LC3-II/I and a reduction in p62 and Beclin-1 expression in AgNPs group endorsed that the autophagy was induced [44, 45]. Another pathway which is the correspondence of AgNPs neurotoxicity called endoplasmic reticulum (ER) stress which is tracked by a PCR array and the gene expression and western blotting on mice. The data from these tests revealed that CHOP/DDIT3 gene expression, eIF2a, Caspase-12 and CHOP proteins were activated at the same time after exposure to AgNPs [46]. Regarding an article discussed the neuronal differentiation of SH-SY5Y cells and kinase signaling pathways, the treatment of these cells with AgNPs caused a significant enhancement of Map-2, β-tubulin III, synaptophysin, neurogenin-1, Gap-43, and Drd-2 gene expression that are important markers of neuronal differentiation [47].

Immunology and pathways
Many studies on AgNP have indicated that it had induced neurotoxicity in both animal experiments and in vitro models by increasing oxidative stress and production of radical oxygen species (ROS) in the neurons, especially when animals were exposed to high doses. Then, AgNPs were found in an accumulated form in the neuronal cells of rats and their brain’s endothelial cells. More exploration in the brain tissue of poisonous rats have revealed that lamellae of myelin sheaths were contaminated by AgNP as well. On the other hand, the stabilization of myelin structure is dependent on some kinds of protein and any changes in these proteins can result in structural disruption in myelin sheaths and makes it vulnerable to ROS which has been shown in AgNP toxicity. The more ROS is produced, the more antioxidant defense systems have to work against the oxidation process, and an excessive ROS activity by AgNP causes an imbalanced condition and modifies DNA, proteins, lipids, and other vital molecules which finally demonstrate a dysfunction among cells. According to the data collected through assessment of biochemical factors in plasma, MDA level was significantly increased due to changes in the peroxidation and the damage to lipids of myelin membranes in neural cells exposed to AgNP. Moreover, a decrease was investigated in protein-bound –SH groups, whether because of interactions between protein groups and AgNPs, or due to the oxidative stress. Also, sulfhydryl groups provide the proteins with a situation for elevating metal binding probability [48]. Other studies based on molecular assessment have reported that the administration of AgNPs in long-term can significantly change the levels of neurotransmitters including dopamine, serotonin, and acetylcholine, and a reverse correlation was observed between two of them, a high level of dopamine was associated with a low amount of serotonin. Clearly, dysregulation of serotonin and dopamine is directly connected with clinical symptoms in humans such as depression, anxiety, and learning impairments. More evaluation of immunological factors through serology assessment have described the association between pro- and anti-inflammatory cytokines in plasma and the disruption of the integrity of the BBB in animals exposed to AgNPs. In other words, a high concentration of pro-inflammatory cytokines (IL-1β, IL-5, IL-6, IL-12(p70), TNF-α, GM-CSF, and G-CSF) have shown that immune system cells such as macrophages, and B cells were activated more than the normal level and these inflammation and cell’s activities caused a perforation in cells and decreasing the junction. Consequently, dysfunction of neurons is revealed with impaired memory and brain function [20]. It has been studied that synaptic plasticity of the hippocampus directly regulates spatial learning and memory. As neurobehavioral studies have shown the mechanism of learning and memory, hippocampus has the main responsibility of formation and maintenance of spatial data, so, degeneration in hippocampus plasticity can significantly decline spatial cognition. On the other hand, spatial learning and memory are controlled by dopamine in the rodent's hippocampus and rewards and punishment conduct the learning process. The activation of N-methyl-d- aspartate (NMDA) receptors have caused changes in intracellular calcium signaling pathways due to AgNPs toxicity in rats receiving orally AgNPs. Besides, cell dysfunction and brain damage lead to the death of cells in main regions, particularly in the hippocampus where the differentiation of neurons and producing dopamine was reported significantly altered. After that, dysfunctional conditions of mitochondria, increased apoptosis, and hyperpolarization after alternation in voltage-gated sodium channels have been revealed and dysfunction in motor activity, spatial memory and passive avoidance learning was observed in rats exposed to AgNPs [9, 28]. According to the pathological findings from hippocampal neurons, several changes including a wide edema, shrinkage in nucleus, and necrobiosis were observed after AgNPs administration. More data has suggested that ATP synthesis clearly was disrupted after the changes in the mitochondrial respiratory chain and caused DNA damage. Also, jun-N terminal kinase (JNK) pathway which is dependent on mitochondria's activity causes apoptosis with AgNPs toxicity, and the connection among a huge population of neurons has remarkably weakened that negatively affects spatial cognition ability [26]. Molecular and genetics study successfully assess the level of the hippocampal GAP-43 mRNA and protein expression among rats exposed to AgNPs which made a hindering in synaptic plasticity and then cognitive decline because neurons were disable in regeneration and developing of their connection and synapse [27]. There is some evidence that showed Ca2 + activity in neurons trigger the GSK-3β phosphorylation which also was increased via oxidative stress productions such as NOS and the PI3-kinase pathway down regulation that were induced via AgNPs and helps biomarker assessment to easily follow up AgNPs toxicity. Then, other useful data has been achieved about Tau hyperphosphorylation which declined axonal transport and microtubule stability that were directly associated with cognition deficient. All these pathological changes result from AgNPs exposure such as what happens in neurodegenerative disease [49]. In other studies, that AgNPs intoxicated rats were orally exposed and increased Glu and Asp as excitatory amino acids neurotransmitters, and reduced GABA and Gly as inhibitors in neuro-transportation in them, at the end, these molecular changes had revealed severe damage to the brain and cognitive abilities [50]. According to previous exploration, oxidative damage remarkably induced DNA damage and extracellular signal-regulated kinase (ERK) was known as a pathway which improved DNA repair. Likewise, silver nanoparticles were studies through many cellular investigations which explained MAPKs activity and p-p38 MAPK protein expression were significantly increased in T-cells exposed to AgNPs which is linked with Cytokines, Interleukins and TNF-α [51, 52].


Conclusion
This systematic review indicated an outline of accessible investigations performed on learning and memory impairments induced by silver nanoparticles on rodents. Available studies have shown rats, treated with Ag-NPs with a diameter in the range from 1 to 100 nm, behaved different significantly through tasks including MWM, NORT, PAL, T-maze, Y-maze, radial arm maze, Carousel Maze, and contextual fear conditioning that evaluated their learning and memory. These impairments are related to changes in gene expression, signaling pathways, inflammation and oxidative stress. Additionally, variation in some other factors such as sizes and doses of AgNPs, exposure duration to AgNPs, sex, species and strains of animals can result in various levels of toxicity. To confirm this conclusion, a meta-analysis study is suggested in order to investigate the learning and memory ability among rodents exposed to AgNPs.

Acknowledgements
Not applicable.

Authors’ contributions
FA, FD, ARMA, and EI cooperated to selecting articles according to search strategy. ZT, FS and JV contributed in revising the manuscript. EI and ARMA contributed to editing the English proficiency. FS and ZT cooperated to supervision and approving the manuscript. All authors read and approved the final manuscript.

Funding
None declared.

Availability of data and materials
The materials during this review study are available from the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.


References
	1.
Brem A-K, Ran K, Pascual-Leone A. Learning and memory. Handb Clin Neurol. 2013;116:693–737.PubMedPubMedCentral

	2.
Colciago A, Casati L, Negri-Cesi P, Celotti F. Learning and memory: steroids and epigenetics. J Steroid Biochem Mol Biol. 2015;150:64–85.PubMed

	3.
Gallistel CR, Balsam PD. Time to rethink the neural mechanisms of learning and memory. Neurobiol Learn Mem. 2014;108:136–44.PubMed

	4.
Abu-Taweel GM, Al-Mutary MG, Albetran HM. Yttrium Oxide Nanoparticles Moderate the Abnormal Cognitive Behaviors in Male Mice Induced by Silver Nanoparticles. Oxidative Medicine and Cellular Longevity. 2022;2022.

	5.
Vorhees CV, Williams MT. Morris water maze: procedures for assessing spatial and related forms of learning and memory. Nat Protoc. 2006;1(2):848–58.PubMedPubMedCentral

	6.
Mazarati AM, Lewis ML, Pittman QJ. Neurobehavioral comorbidities of epilepsy: Role of inflammation. Epilepsia. 2017;58:48–56.PubMed

	7.
Kraeuter A-K, Guest PC, Sarnyai Z. The Y-maze for assessment of spatial working and reference memory in mice. Pre-clinical models: Springer; 2019. p. 105–11.

	8.
Antunes M, Biala G. The novel object recognition memory: neurobiology, test procedure, and its modifications. Cogn Process. 2012;13(2):93–110.PubMed

	9.
Węsierska M, Dziendzikowska K, Gromadzka-Ostrowska J, Dudek J, Polkowska-Motrenko H, Audinot J, et al. Silver ions are responsible for memory impairment induced by oral administration of silver nanoparticles. Toxicol Lett. 2018;290:133–44.PubMed

	10.
Abbott KN, Arnott CK, Westbrook RF, Tran DM. The effect of high fat, high sugar, and combined high fat-high sugar diets on spatial learning and memory in rodents: a meta-analysis. Neurosci Biobehav Rev. 2019;107:399–421.PubMed

	11.
El Hayek L, Khalifeh M, Zibara V, Abi Assaad R, Emmanuel N, Karnib N, et al. Lactate mediates the effects of exercise on learning and memory through SIRT1-dependent activation of hippocampal brain-derived neurotrophic factor (BDNF). J Neurosci. 2019;39(13):2369–82.PubMedPubMedCentral

	12.
Mody VV, Siwale R, Singh A, Mody HR. Introduction to metallic nanoparticles. J Pharm Bioallied Sci. 2010;2(4):282.PubMedPubMedCentral

	13.
Ratrout NT, Rahman SM. A comparative analysis of currently used microscopic and macroscopic traffic simulation software. Arab J Sci Eng. 2009;34(1B):121–33.

	14.
Ferdous Z, Nemmar A. Health impact of silver nanoparticles: a review of the biodistribution and toxicity following various routes of exposure. Int J Mol Sci. 2020;21(7):2375.PubMedPubMedCentral

	15.
Greish K, Alqahtani AA, Alotaibi AF, Abdulla AM, Bukelly AT, Alsobyani FM, et al. The effect of silver nanoparticles on learning, memory and social interaction in BALB/C mice. Int J Environ Res Public Health. 2019;16(1):148.PubMedPubMedCentral

	16.
Dąbrowska-Bouta B, Zięba M, Orzelska-Górka J, Skalska J, Sulkowski G, Frontczak-Baniewicz M, et al. Influence of a low dose of silver nanoparticles on cerebral myelin and behavior of adult rats. Toxicology. 2016;363:29–36.PubMed

	17.
Tarbali S, Karami Mehrian S, Khezri S. Toxicity effects evaluation of green synthesized silver nanoparticles on intraperitoneally exposed male Wistar rats. Toxicol Mech Methods. 2022;32(7):488–500.PubMed

	18.
Abu-Taweel GM, Albetran HM, Al-Mutary MG, Ahmad M, Low IM. Alleviation of silver nanoparticle-induced sexual behavior and testicular parameters dysfunction in male mice by yttrium oxide nanoparticles. Toxicol Rep. 2021;8:1121–30.PubMedPubMedCentral

	19.
Dziendzikowska K, Węsierska M, Gromadzka-Ostrowska J, Wilczak J, Oczkowski M, Męczyńska-Wielgosz S, et al. Silver nanoparticles impair cognitive functions and modify the hippocampal level of neurotransmitters in a coating-dependent manner. Int J Mol Sci. 2021;22(23):12706.PubMedPubMedCentral

	20.
Davenport LL, Hsieh H, Eppert BL, Carreira VS, Krishan M, Ingle T, et al. Systemic and behavioral effects of intranasal administration of silver nanoparticles. Neurotoxicol Teratol. 2015;51:68–76.PubMedPubMedCentral

	21.
Hritcu L, Stefan M, Ursu L, Neagu A, Mihasan M, Tartau L, et al. Exposure to silver nanoparticles induces oxidative stress and memory deficits in laboratory rats. Open Life Sciences. 2011;6(4):497–509.

	22.
Ivlieva A, Petritskaya E, Rogatkin D, Demin V, Glazkov A, Zinicovscaia I, et al. Impact of chronic oral administration of silver nanoparticles on cognitive abilities of mice. Phys Part Nucl Lett. 2021;18:250–65.

	23.
Antsiferova A, Kopaeva M, Kashkarov P. Effects of prolonged silver nanoparticle exposure on the contextual cognition and behavior of mammals. Materials. 2018;11(4):558.PubMedPubMedCentral

	24.
Antsiferova AA, Kopaeva MY, Kochkin VN, Kashkarov PK, Kovalchuk MV. Disturbance in mammalian cognition caused by accumulation of silver in brain. Toxics. 2021;9(2):30.PubMedPubMedCentral

	25.
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;87:124–30.PubMed

	26.
Liu Y, Guan W, Ren G, Yang Z. The possible mechanism of silver nanoparticle impact on hippocampal synaptic plasticity and spatial cognition in rats. Toxicol Lett. 2012;209(3):227–31.PubMed

	27.
Wu J, Yu C, Tan Y, Hou Z, Li M, Shao F, et al. Effects of prenatal exposure to silver nanoparticles on spatial cognition and hippocampal neurodevelopment in rats. Environ Res. 2015;138:67–73.PubMed

	28.
Ghaderi S, Tabatabaei SRF, Varzi HN, Rashno M. Induced adverse effects of prenatal exposure to silver nanoparticles on neurobehavioral development of offspring of mice. J Toxicol Sci. 2015;40(2):263–75.PubMed

	29.
Bélteky P, Rónavári A, Zakupszky D, Boka E, Igaz N, Szerencsés B, et al. Are smaller nanoparticles always better? Understanding the biological effect of size-dependent silver nanoparticle aggregation under biorelevant conditions. Int J Nanomed. 2021;16:3021.

	30.
Grosse S, Evje L, Syversen T. Silver nanoparticle-induced cytotoxicity in rat brain endothelial cell culture. Toxicol In Vitro. 2013;27(1):305–13.PubMed

	31.
Tareq M, Khadrawy YA, Rageh MM, Mohammed HS. Dose-dependent biological toxicity of green synthesized silver nanoparticles in rat’s brain. Sci Rep. 2022;12(1):22642.PubMedPubMedCentral

	32.
Skalska J, Dąbrowska-Bouta B, Frontczak-Baniewicz M, Sulkowski G, Strużyńska L. A low dose of nanoparticulate silver induces mitochondrial dysfunction and autophagy in adult rat brain. Neurotox Res. 2020;38:650–64.PubMedPubMedCentral

	33.
Lee JH, Kim YS, Song KS, Ryu HR, Sung JH, Park JD, et al. Biopersistence of silver nanoparticles in tissues from Sprague-Dawley rats. Part Fibre Toxicol. 2013;10(1):1–14.

	34.
Afifi M, Abdelazim AM. Ameliorative effect of zinc oxide and silver nanoparticles on antioxidant system in the brain of diabetic rats. Asian Pac J Trop Biomed. 2015;5(10):874–7.

	35.
Wen R, Yang X, Hu L, Sun C, Zhou Q, Jiang G. Brain-targeted distribution and high retention of silver by chronic intranasal instillation of silver nanoparticles and ions in Sprague-Dawley rats. J Appl Toxicol. 2016;36(3):445–53.PubMed

	36.
Ji JH, Jung JH, Kim SS, Yoon J-U, Park JD, Choi BS, et al. Twenty-eight-day inhalation toxicity study of silver nanoparticles in Sprague-Dawley rats. Inhalation Toxicol. 2007;19(10):857–71.

	37.
Skalska J, Dąbrowska-Bouta B, Strużyńska L. Oxidative stress in rat brain but not in liver following oral administration of a low dose of nanoparticulate silver. Food Chem Toxicol. 2016;97:307–15.PubMed

	38.
Sofranko A, Wahle T, Heusinkveld HJ, Stahlmecke B, Dronov M, Pijnenburg D, et al. Evaluation of the neurotoxic effects of engineered nanomaterials in C57BL/6J mice in 28-day oral exposure studies. Neurotoxicology. 2021;84:155–71.PubMed

	39.
Moradi-Sardareh H, Basir HRG, Hassan ZM, Davoudi M, Amidi F, Paknejad M. Toxicity of silver nanoparticles on different tissues of Balb/C mice. Life Sci. 2018;211:81–90.PubMed

	40.
Lin H-C, Huang C-L, Huang Y-J, Hsiao I-L, Yang C-W, Chuang C-Y. Transcriptomic gene-network analysis of exposure to silver nanoparticle reveals potentially neurodegenerative progression in mouse brain neural cells. Toxicol In Vitro. 2016;34:289–99.PubMed

	41.
Gurunathan S, Qasim M, Park C, Yoo H, Choi DY, Song H, et al. Cytotoxicity and transcriptomic analysis of silver nanoparticles in mouse embryonic fibroblast cells. Int J Mol Sci. 2018;19(11):3618.PubMedPubMedCentral

	42.
Ha MK, Kwon SJ, Choi JS, Nguyen NT, Song J, Lee Y, et al. Mass Cytometry and Single-Cell RNA-seq Profiling of the Heterogeneity in Human Peripheral Blood Mononuclear Cells Interacting with Silver Nanoparticles. Small. 2020;16(21):1907674.

	43.
Rahman M, Wang J, Patterson T, Saini U, Robinson B, Newport G, et al. Expression of genes related to oxidative stress in the mouse brain after exposure to silver-25 nanoparticles. Toxicol Lett. 2009;187(1):15–21.PubMed

	44.
Chang X, Wang X, Li J, Shang M, Niu S, Zhang W, et al. Silver nanoparticles induced cytotoxicity in HT22 cells through autophagy and apoptosis via PI3K/AKT/mTOR signaling pathway. Ecotoxicol Environ Saf. 2021;208:111696.PubMed

	45.
Akter M, Sikder MT, Rahman MM, Ullah AA, Hossain KFB, Banik S, et al. A systematic review on silver nanoparticles-induced cytotoxicity: Physicochemical properties and perspectives. J Adv Res. 2018;9:1–16.PubMed

	46.
Huo L, Chen R, Zhao L, Shi X, Bai R, Long D, et al. Silver nanoparticles activate endoplasmic reticulum stress signaling pathway in cell and mouse models: The role in toxicity evaluation. Biomaterials. 2015;61:307–15.PubMed

	47.
Dayem AA, Kim B, Gurunathan S, Choi HY, Yang G, Saha SK, et al. Biologically synthesized silver nanoparticles induce neuronal differentiation of SH-SY5Y cells via modulation of reactive oxygen species, phosphatases, and kinase signaling pathways. Biotechnol J. 2014;9(7):934–43.PubMed

	48.
Dąbrowska-Bouta B, Sulkowski G, Strużyński W, Strużyńska L. Prolonged exposure to silver nanoparticles results in oxidative stress in cerebral myelin. Neurotox Res. 2019;35(3):495–504.PubMed

	49.
Begum AN, Aguilar JS, Elias L, Hong Y. Silver nanoparticles exhibit coating and dose-dependent neurotoxicity in glutamatergic neurons derived from human embryonic stem cells. Neurotoxicology. 2016;57:45–53.PubMed

	50.
Ahmed MM, Hussein MM. Neurotoxic effects of silver nanoparticles and the protective role of rutin. Biomed Pharmacother. 2017;90:731–9.PubMed

	51.
Parnsamut C, Brimson S. Effects of silver nanoparticles and gold nanoparticles on IL-2, IL-6, and TNF-α production via MAPK pathway in leukemic cell lines. Genet Mol Res. 2015;14(2):3650–68.PubMed

	52.
Eom H-J, Choi J. p38 MAPK activation, DNA damage, cell cycle arrest and apoptosis as mechanisms of toxicity of silver nanoparticles in Jurkat T cells. Environ Sci Technol. 2010;44(21):8337–42.PubMed



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		The effect of silver nanoparticles on learning and memory in rodents: "a systematic review"


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/12995_2023_381_Fig1_HTML.png
learning

AgNPs

memory

Silver nanoparticles

learning

Silver nanoparticles

memory

Nano silver

learning

Nano silver

memory






OEBPS/images/12995_2023_381_Fig2_HTML.png
Inclusion ’

4 )

1. originial article

2. articles evaluated
learning and memory

3. articles with control
group

4. articles with sample size
more than five animals

{ Exclusion 1

e \

1. review articles

2. duplicated publications

3. studies did not studied
control group

4, studies did not
evaluated learning and
memory

)






OEBPS/css/envelope.png





OEBPS/images/12995_2023_381_Fig3_HTML.png
Records achieved through database Records achieved through database
searching: Scopus (156), Web of Science (3), searching: PubMed (142)
Google Scholar (591)

| J
|

Records after removing duplications

Duplicated Records
(n=719) \. removed(n=173)

[

(n=173)
Selected records
(n=719)
ﬂ Records excluded
(n =704)
Records after eligibility assessment Non-english (n = 5)
(n=15) | »| Non-relevant (n=63)
Review (n=51)

small sample size {n=26)

AV4 studies on non-rodent
15 articles included in review animals (n=305)
article evaluating other cognitive
skills (n=228)

studies with no control
group (n=26)






OEBPS/css/sidebar.gif





