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Developmental Exposure to Silver Nanoparticles Leads to Long Term Gut Dysbiosis and Neurobehavioral Alterations.
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Materials and Methods
Materials
Silver nitrate and Sodium citrate dihydrate were purchased from Acros Organics. Sodium Borohydride was purchased from Sigma Aldrich.  Ultrapure distilled water was purchased from Invitrogen.  Ultra-filter membranes (1KD Minimate TFF) were purchased from PALL Corporation (NY, US).  Cresyl violet solution was procured from thermo fisher scientific.  Antibodies were procured for IHC were procured from Abcam (Cambridge, MA, US) Phosphate buffer solution, BSA and other reagents were procured from Sigma, Millipore (St. Louis, MO, US).  TEM images were recorded to measure the core size, while the hydrodynamic size and zeta potential of the measurements were performed using Malvern Zetasizer (USA).  The amount of silver was quantified using Varian Vista-MPX CCD Simultaneous Inductively coupled Plasma – Optical Emission Spectroscopy (ICP-OES) (US).  

Sample preparation for silver analysis and calibration for ICP-OES analysis:
Microwave digestion was used for sample preparation.  10 L of concentrated HNO3 was added to the sample vial.  A preloaded method for the MARS (CEM, corporation, USA) microwave was used to digest the sample.  Triplicate measurements were performed to measure the silver concentration.  Once the sample was completely digested and cooled, the digest was diluted with DI water up to 50 ml volume and mixed well.  5 g/mL silver standard (Assurance LPC standard 1; SPEC Ceri Prep) used for ICP-OES analysis was used for calibration and the amount of silver in the digested solution was quantified.  The total amount of silver present in the dialysates as quantified by ICP-OES was 468 ppm.  

Surface coating and dosage of silver NPs  
Citrate coated spherical silver NPs are most commonly used in a wide array of applications, and thus of greatest human health concern.1  Our previous short-term low dose exposure study suggested that spherical particles are prone to cause changes compared to cube shaped particles.2  Therefore, in the current studies we tested citrate coated spherical silver NPs of size range 20 nm for the present study.  A dose of silver NPs chosen for the present study was 3 mg/Kg BW, in pre and postnatal development of mice.  This dose is within the NOAEL (No observed adverse effect level) of silver NPs as tested in developmental studies.  It is also well within the toxicity range proposed for possible human and rodent silver exposure.3-12 Similar oral exposure studies in rodents have been reported to result in accumulation of particles in a variety of organs, including the brain, and developmental changes.3-8, 10, 12-15 

Offspring Behavioral Studies
Barnes maze Test
At 90 days of age, Barnes maze testing, which measures spatial learning and memory, was performed on offspring as described previous.16-18 The Barnes Maze circular platform includes 12 evenly spaced holes placed along the perimeter.  An enclosed tunnel was placed under one escape hole and all the other holes remained closed.  The escape hole number for each mouse was assigned by using a random number generator.  The assigned hole number was used for each mouse for all the five days of the trial.  The experiments were conducted at the same time (13:00 to 15:00 hours) on all the five days.  The mice were placed in the center of the maze and given up to 600 seconds to find the escape hole.  To encourage the mice to locate the escape hole, bright lights were placed above the maze.  Stimulatory light measured ≈1,200 lx (vivarium room lighting measured 420 lx).19 On the first day if they did not find it, they were gently guided to it.  A stopwatch (Fisher Scientific, St. Louis, MO) was used to ensure that the trial only lasted up to 600 seconds.  Upon entering the escape hole, the stopwatch was immediately stopped and trial ended.  The maze was cleaned between trials with 70% ethanol.  This also removed odor cues of the mice.  The activity of the mouse within the maze was recorded by using a Canon Vixia HF HD (Cannon, US) video camera.  The mouse was permitted to rest for ½ hour, and a second trial was then performed.  From the videos, distance covered (m), duration (latency, s) and speed (m/s) were determined by using the Any Maze software (Wood Dale, IL, US). 

Elevated Plus Maze (EPM) Testing 
Elevated plus maze (EPM) test was used to assess anxiogenic, exploratory, and repetitive behaviors in the mice, as detailed previously.2, 20, 21 Briefly, the EPM is arranged in a plus configuration and includes two opposite open arms (30 cm), a central platform region (5 × 5 cm), and two opposite closed arms (30 cm).  The maze was supported 100 cm above the floor by a stand constructed of polypropylene.19 Each animal was placed in the center of the maze and permitted to explore it for 300 seconds.  After each test, the apparatus was cleaned with 70% EtOH.  Each trial was recorded with a Canon Vixia HF HD hand held camcorder (Canon, US).  The video trials were then analyzed with the Observer Version 11 software (Noldus Technologies, Leesburg, VA).  Parameters measured include duration of time spent and frequency entering the open and closed arms, center of the maze, duration and number of times engaged in head-dipping and rearing behaviors.  The trial period was measured with a stopwatch (Fisher Scientific, St. Louis, MO).

Body composition analysis
[bookmark: _Hlk41575559][bookmark: _Hlk41578170]The body composition, including total fat content, free water, total water and lean mass were measured using magnetic resonance imaging (EchoMRI-1100, EchoMRI LLC, Houston, TX, USA) following standard protocols 16.  Echo-MRI was performed at the end of behavioral study prior to euthanasia, and the data analyzed as reported previously 22.

Histopathological analyses and morphometric quantification 
[bookmark: _Hlk44944852]At the end of behavioral studies, mice were humanely euthanized in accordance with AVMA Guidelines for Laboratory Animal Euthanasia.  Following euthanasia, mice brains were quickly isolated and the whole brain was horizontally dissected and fixed with 4% paraformaldehyde (PFA) solution.  After PFA fixation, brains were transferred to sucrose solution (10-30%).  Samples transferred to 30% sucrose were kept at 4°C for 24 hours, following which they were placed in pre-labeled base molds filled with frozen tissue matrix (OCT®).  Sections of 25 m were cut at -20°C by using a cryostat (Leica CM 1850, Leica Biosystem, Germany).  The sections obtained were stored in PBS at 4 oC for overnight, following removal of PBS, added cryoprotectant solution and stored at -20 oC until further use for Nissl and glial staining.23    Histology was performed on hippocampus region of the brain to correlate the differences in spatial, memory, behavioral and cognitive learning.  The hippocampal region was identified according to the Mouse Brain Atlas Map,24 and we screened 3-4 sections/animal (11 control and 12 NP treated animals) to provide sufficient replicates to detect a significant difference at a power analysis of 0.8.  Image J software (Version 1. 7) was used to determine neuronal and glial counts in the hippocampus from Nissl and anti-TMEM119 stained sections respectively. 

Nissl staining
Nissl staining was performed to evaluate the neuronal density.  The cryopreserved sections were washed with PBS, and incubated with Nissl Staining Solution (10 ml of 0.1% Cresyl violet solution) for 20 min at room temperature. Sections were then dehydrated with 95% and 100% ethanol, washed with xylene and added 1 drop of Dibutylphthalate Polystyrene Xylene (DPX) mounting media on glass slide, and covered with a thin glass coverslip imaged using microscope (DM5500 B, Leica Microsystems, Germany). 

Immunohistochemistry – Microglial cell immunostaining
Immunostaining was performed to count microglial cells following standard company protocols (Cat. No. ab209064).  Cryopreserved brain sections (25μm) were washed with 1xPBS three times (10 min each) and the sections were incubated with 0.3% hydrogen peroxide for 10 min at room temperature to remove the endogenous peroxidase activity.  The sections were transferred to the blocking buffer (1% BSA dissolved in PBST (1xPBS+0.1% Triton X-100)) and kept at room temperature for one hour.   Followed by the blocking, sections were incubated with anti-rabbit-TMEM-119 primary antibody (1:500; Abcam, USA) diluted in blocking buffer and incubated at 4°C for overnight.  Subsequently, sections were then washed in PBST thrice (5 min each) and incubated with goat anti-rabbit IgG-HRP secondary antibody (1:2000; Abcam, USA) diluted in blocking buffer at room temperature for 1h and washings repeated.  Following washings, 3,3’ diaminobenzidine (DAB; mouse and rabbit specific HRP/DAB detection IHC kit) was added; the sections were then washed with PBS and mounted by using DPX mounting media on slides and imaged using microscope (DM5500 B, LICA, Germany). 

Collection of fecal samples and isolation of fecal microbial DNA
At 30, 60, 90, and 120 days of age, each animal was placed in a cage alone without any bedding. Four to five fecal boli were collected from each animal and placed in sterile 2 mL cryogenic vials (Corning Incorporated, Corning, NY) and placed in liquid N2 until they were transferred to a -80℃ freezer.  Thereafter, they were stored until being used for bacterial isolation and gut microbiota analysis.  The fecal microbial DNA was isolated from a portion of the fecal boli collected using the Invitrogen Pure Link Microbiome DNA Purification Kit (Thermo Fisher Scientific, Waltham, MA) and in accordance with the manufacturer’s protocol.  The quantity of DNA isolated was measured using Qubit 3.0 Fluorometer (Life Technologies, Grand Island, NY).  The number of replicates (Table S1) tested is comparable to other studies examining how in utero environmental changes can affect gut bacterial populations and have shown that such sample sizes can result in statistical differences between offspring groups 25, 26. 

16S rRNA sequencing
The University of Missouri (MU) DNA Core Facility prepared bacterial 16S ribosomal DNA amplicons from extracted fecal DNA by amplification of the V4 hypervariable region of the 16S rDNA with universal primers (U515F/806R) flanked by Illumina standard adapter sequences.27, 28 The rest of the procedures were performed as described previously.29, 30 The resulting amplicon pool was analyzed by using the Advanced Analytical Fragment Analyzer automated electrophoresis system, quantified with a Qubit fluorometer using a quant-iT HS dsDNA reagent kit (Invitrogen), and diluted according to Illumina’s standard protocol for sequencing on the MiSeq.




SUPPLEMENTARY FIGURES
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Figure S1. Characterization of silver nanoparticles: (a) TEM image and (b) UV-Visible absorption spectra. Representative images from triplicate studies.
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Figure S2. Barnes Maze results for: (a) Latency and, (b) Distance travelled. p value differences are designated above the graphs. Replicates tested include n=11 for Ctrl; n=12 for NP.
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[bookmark: _Hlk46411154]Figure S3. Likelihood of mice locating the correct escape hole. p value differences are designated above the graphs.  Replicates tested include n=11 for Ctrl; n=12 for NP.
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Figure S4. Representative brain sections containing hippocampus stained with Nissl dye for neurons and anti-TMEM-119 for microglial cells. Yellow and black arrows represent neurons and microglial cells respectively. Scale bar represents 100 µm.
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Figure S5. Alpha-diversity based on Shannon analysis. Replicates tested include Ctrl and NP groups respectively at 30 (n=10 and n =9), 60 (n=11 and n=10), 90 (n=12 and n =10), and 120 (n=10 and n =12) days of age.
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Figure S6. Anvi’o diagram of bacterial changes over time.  The figure shows the expression of these bacteria.  Replicates tested include Ctrl and NP groups respectively at 30 (n=10 and n =9), 60 (n=11 and n=10), 90 (n=12 and n =10), and 120 (n=10 and n =12) days of age.














SUPPLEMENTARY TABLES
Table S1. Number of replicates used for the gut microbiome study. The same animals were tested at each age, but low reads resulted in exclusion of select samples for a given age.
	
	Sex
	Treatment

	Age (Days)
	Male
	Female
	Ctrl
	NP

	30
	10
	9
	10
	9

	60
	12
	10
	11
	11

	90
	11
	11
	12
	10

	120
	11
	11
	10
	12







Table S2. Other EPM behavioral assessments in the control and nanoparticle treated groups. Replicates tested include n=12 for NP; n=11 for Ctrl.

	
	
	Control
	Nanoparticle

	Item
	
	Mean
	SEM
	Mean
	SEM

	Center 
	Rate
(m/sec)
	2.34
	0.15
	2.44
	0.28

	
	Duration
(sec)
	116.76
	8.21
	126.75
	7.67

	Closed arms
	Rate
(m/sec)
	2.34
	0.22
	2.00
	0.19

	
	Duration
(sec)
	188.67
	13.30
	164.12
	18.81

	Mobile
	Rate
(m/sec)
	0.41
	0.11
	0.33
	0.07

	
	Duration
(sec)
	151.64
	37.07
	167.23
	34.00

	Open arms
	Rate
(m/sec)
	0.08
	0.04
	0.11
	0.05

	
	Duration
(sec)
	3.43
	1.52
	3.33
	1.47





Table S3. Other echo-MRI results for Ctrl and NP. Replicates tested include n=11 for Ctrl and n=12 for NP.

	
	Control
	
	Nanoparticle

	Item
	Mean (g)
	SEM
	Significant P value
	Mean (g)
	SEM

	Lean
	19.62
	0.56
	
	20.51
	0.73

	Free Water
	0.07
	0.02
	
	0.08
	0.02

	Weight
	24.98
	1.03
	
	26.78
	1.60

	Fat Percentage
	16.05
	1.26
	0.01
	21.85
	2.77

	Lean Percentage
	79.04
	1.59
	
	78.10
	2.87

	Free Water Percentage
	0.27
	0.07
	
	0.32
	0.08

	Total Water Percentage
	64.17
	1.33
	
	63.84
	2.40
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