
Microglia 

Biological Model MeHg exposure protocol Cellular alterations Reference 

Rat microglial 

primary culture 

0.5; 5 µM MeHg for 1, 2, 3, 

and 4 days 

↑Microglial cell death; ↑Cas-3 activation; ↑Round shape; 

Inhibition of Cas-3 activity decreased cell death 
[1] 

Rat microglial 

primary culture 

0.0001-1 µM MeHg for 5 

or 10 days 

↑Process retraction, round-shape, and cell body; 

↑Clustering; ↑Cell death; ↓IL-6, no changes in TNF-α; no 

changes in NO 

[2] 

N9 mouse 

microglial cell line 

5-40 µM MeHg for 30 

min-24h 

↑ROS; ↑Mitochondrial depolarization; ↓Aconitase activity 

and cytoplasmic content; ↑Il-6; 15d-PGJ2 attenuates 

MeHg-induced cell death 

[3] 

N9 mouse 

microglial cell line 

2 ng/mL; 2 µg/mL MeHg 

for 48h 

↑Cell viability; ↑Number of microglia; ↓TNF-α; ↓IL-1β; 

↓TNF-α mRNA; no changes in IL-1β; ↑NO; ↑Ca2+ (2 

ng/mL MeHg) 

↓Cell viability; ↓Number of microglia; ↑TNF-α; ↑IL-1β; 

↑TNF-α mRNA; ↑IL-1β mRNA; ↓NO; ↓Ca2+ (2 µg/mL 

MeHg) 

[4] 

Mouse microglial 

primary culture 

0.1; 0.5; 1 µM MeHg for 3 

days + PAM (3) for 2 days 
↓Cell viability; ↓IL-6; no changes in TNF-α [5] 

Rat microglial 

primary culture 

0.1; 1; 5 µM MeHg for 1 

min-6h 

↓Cell viability; ↑ROS; ↓GSH/GSSG ratio; ↑Nrf2 as a 

protective response 
[6] 

Rat microglial 

primary culture 

0.1; 1; 5 µM MeHg for 1 

min-6h 

Microglia is more sensitive than astrocytes (↓cell viability, 

↑ROS, ↓GSH/GSSG ratio; ↑Nrf2 in earlier timepoints) 
[7] 

Rat aggregating 

brain cell cultures 

0.001-1 µM MeHg 

Days 5-15 and 25-35 

No death of microglia nor clusters surrounding apoptotic 

cells 
[8] 

C6 rat glioma cell 

line 

U251HF human 

glioma cell line 

 

2.5-10 µM MeHg for 30 

min-16 h 

↑ROS (in C6 glioma cells); ↑IL-6 (C6 and U251HF glioma 

cells) 
[9] 

Mouse 

Organotypic 

cortical slices 

Mouse microglial 

primary culture 

0.1 µM MeHg for 

1 or 21 days renewed 

every 2/3 days (slices) 

24 or 96 h (primary 

cultures) 

↓Process number; ↓Length; ↑Body size; ↑Sholl alterations; 

↓process extension and retraction; ↑Staining of microglia; 

↑iNOS, ↑TNF-α, ↑ROCK; ↑P-MYPT1(organotypic cortical 

slices) 

↑ROCK; ↑P-MYPT1; ↑TNF-α; ↑iNOS; ↑circularity; 

↓Process number (primary cultures) 

[10] 

Mouse 

Organotypic 

cerebral cortex 

slices 

1; 5 µM MeHg 

8h 

↑CD16 mRNA; ↑CD32 mRNA; ↑Amoeboid microglia; 

↓Process number 
[11] 

Adult Wistar rats (8 

weeks) 

5 mg/kg/day MeHg for 12 

days + 8 days free of 

MeHg 

↑Reactive microglia and ↑Activated morphology 

accumulated in the granular cell layer of the cerebellum; 

↑Cathepsin B colocalized with reactive microglia 

[12] 

C57BL/6J Mice 

(gestation days 6-

9) 

Hippocampal 

sandwich cultures 

1;10 mg/Kg/day MeHg 

C57BL/6J Mice (gestation 

days 6-9) 

1,33 nM MeHg 

Hippocampal sandwich 

cultures for 3 days 

↑Microglia reactivity (mice hippocampus and 

hippocampal sandwich cultures) 

↑Process thickness; ↑Circularity; ↓Cell area; ↓Process 

number (hippocampal sandwich cultures) 

[13] 

7 weeks old 

Sprague-Dawley rats 

1 mg/Kg/day MeHg for 

1,2,3 or 4 weeks + 12 

weeks free of MeHg 

↑Staining of microglia in the dorsal root nerve and the 

dorsal column of the spinal cord; 

↑TNF-α; ↑iNOS; ↑IL-1β; ↑IL-6; ↑p-NF-kBp65; ↑ROCK 

[14] 



Adult female 

monkeys 

50 µg/Kg/day MeHg for 

6,12 and 18 months 

↑Reactive glia in the cortex of the calcarine sulcus (visual 

cortex) 
[15] 

Adult female 

monkeys 

50 µg/Kg/day MeHg for 

6,12 and 18 months 

↑Number of microglia; ↑Mercury inside microglia 

relative to other cells; ↑Mercury inside microglia earlier 

than other cells (except astrocytes) in the cortex of the 

calcarine sulcus  

[16] 

Rat aggregating 

brain cell cultures 

0.001-1 µM MeHg 

Days 5-15 and 25-35 
↑Clustering and ↑Number of microglia [17] 

Adult female 

common 

marmosets 

1.5 mg Hg/kg/day MeHg 

for 2 weeks 
↑Staining and ↑Number of microglia in the occipital lobes [18] 

6 weeks old male 

C57BL/6NJcl mice 

1.5 mg/Kg/day MeHg for 

8 weeks 
↑Staining of microglia in the motor and prelimbic cortex [19] 

Adult male Wistar 

rats 

6.7 mg/Kg/day MeHg for 

5 days + 2 days free of 

MeHg (for day 7 tissue 

samples). Cycle repeated 

once for day 14 samples 

↑Staining (dorsal root ganglions and sensory fibres) 

↑Number of microglia aggregates (dorsal root ganglions) 
[20] 

8 weeks old 

C57BL/6 male mice 

Single 25 mg/Kg MeHg 

administration + 5 or 7 

days free of MeHg 

↑TNF-α mRNA in cerebrum and cerebellum [21] 

Rat microglial 

primary culture 

Mouse microglial 

primary culture 

0.01 – 3 µM MeHg for 

2-24h 

↑ATP release; ↑p38 MAPK phosphorylation; no changes 

in IL-6 
[22] 

 

Table S1: Biological models and MeHg exposure protocols used to evaluate microglial cellular alterations.  



Oligodendrocytes 

Biological Model MeHg exposure protocol Cellular alterations Reference 

Adult female 

monkeys 

50 µg/Kg/day MeHg for 

6,12 and 18 months 
↑Scattered oligodendrocytes with Hg deposits [15] 

Adult female 

monkeys 

50 µg/Kg/day MeHg for 

6,12 and 18 months 

No significant change in total number of 

oligodendrocytes 
[16] 

Rat aggregating 

brain cell cultures 

0.001-1 µM MeHg 

Days 5-15 and 25-35 

↓2',3'-Cyclic-nucleotide 3'-phosphodiesterase enzymatic 

activity 
[17] 

Human MO3.13 

oligodendroglia 

cell line 

10-100 µM MeHg for 24h ↓Cell viability [23] 

Human post-

mortem brain 

 

50 individuals with pre-

mortem medical conditions 

including Hg self-injection 

↑Accumulation of Hg inside oligodendrocytes (geniculate 

nuclei)  
[24] 

Human post-

mortem brain 

 

 

Self-injected intravenously 

with metallic Hg taken from 

thermometers 

↑Accumulation of Hg inside oligodendrocytes (cerebral 

cortex) 
[25] 

 

Table S2: Biological models and MeHg exposure protocols used to evaluate oligodendrocytic cellular alterations   



Astrocytes 

Biological Model MeHg exposure protocol Cellular alterations Reference 

Wistar adult rats 
5 mg/kg/day MeHg for 2 

weeks 
↑S100β in CSF [26] 

Mouse astrocytic 

primary culture 

1; 3 μM MeHg for 12h and 

24h 

↑IL-6 mediated neuroprotection via ATP/P2Y1 receptor 

 
[27] 

Mouse astrocytic 

primary culture 

0.1; 0.5; 1 µM MeHg for 3 

days + PAM (3) for 2 days 
No alterations in IL-6 and TNF-α in astrocytes [5] 

Rat neonatal 

primary astrocytes 

2.5, 5, 10, and 20 μM 

MeHg for 6-30 h 

↑ Apoptosis; ↑ LDH release; ↑ Oxidative stress; ↑ROS;  

GS activity; GLAST mRNA; GLT-1 mRNA; Cell 

density; ↑Cell shrinkage; ↑Cavitation changes 

[28] 

Rat neonatal 

primary 

astrocytes 

 1; 5; 10 μM MeHg for 1-

24h 

[(3)H]-glutamine uptake; Mitochondrial potential; 

↑ERK phosphorylation;↑Caspase-3 activation 
[29] 

Rat neonatal 

primary 

astrocytes 

5;10 μM MeHg for 1 or 6 

h 

↑Lipid peroxidation; ↑ ROS; Mitochondrial potential; 

[(3)H]-glutamine uptake 
[30] 

Rat neonatal 

primary astrocytes 
1-10 μM MeHg for 60 min 

Cys uptake via Na(+)-dependent cys transporters ASC 

and X(AG(-))system   
[31] 

Rat neonatal 

primary astrocytes 

1−10μM MeHg for 30 

minutes 

↑ Morphological alterations; ↑GSH impairment; ↑ROS; 

Cell proliferation;  HIF-1α mRNA 
[32] 

Rat neonatal 

primary astrocytes 
1-3 μM MeHg for 24h 

 Cell viability; No apoptotic-induced markers; 

↑Necrosis; ↑JNK activity; ↑TNF-α release; Fusiform 

morphology; ↑GLAST; ↑ROS; ↑SOD-1 activity; ↑CAT 

activity, GPx; Sulfhydryl content 

[33] 

Rat neonatal 

primary astrocytes 
0.01-10 μM MeHg for 6h 

GSH; GSSG; ↑Nrf2 activity; ↑Nrf2 nuclear 

translocation; ↑HO-1 mRNA; ↑NQR mRNA 
[34] 

Rat neonatal 

primary astrocytes 
5 μM MeHg for 6 h ↑Oxidative Stress; ↑ROS; GSH; catalase levels [35] 

Mouse astrocytic 

primary culture 
5 μM MeHg for 30 min ↑Oxidative Stress; ↑ROS; GSH [36] 

CCF-STTG1 

human 

astrocytoma cell 

line 

1-10 μM MeHg for 24h 

↑ GSSG; ↑GSH/GSSG; ↑Total glutathione (GSH+GSSG); 

↑GPx, ↑Glutathione synthetase; ↑Nrf2; Changes in S-

glutathionylation patterns 

[37] 

Mouse astrocytic 

primary culture 
10 μM MeHg for 6h 

Cell viability;  ATP; ↑LDH; ↑ROS;  NAD+/NADH; 

↑Cas-9; ↑Cleaved Cas-3; ↑ROCK, ↑ROCK downstream 

signalling 

[38] 

 

Adult male Wistar 

rats 

 

 

0.04 mg/kg/day MeHg for 

60 days 

By gavage 

Hg deposits in the visual cortex; 

 NADPH diaphorase neuropil reactivity; Astrocytic 

morphological alterations (hypertrophic and swelled cell 

bodies; shorter and thicker processes); Astrocytic 

number 

[39] 

 

Table S3: Biological models and MeHg exposure protocols used to evaluate astrocytic cellular alterations   



Neurons 

Biological Model MeHg exposure protocol Cellular alterations Reference 

Sprague-Dawley rats 

and 

Rat primary CGC 

0.1 - 30μg/g of MeHg for 

7h, 24h and 2 weeks; 

0.1-10M MeHg for 6h 

and 24h 

In vivo: DNA synthesis in hippocampus 

In vitro: DNA synthesis  S-phase entry 

 pro-mitogenic cyclin E 

↑Cleaved Cas-3 

[40] 

Sprague Dayley rats 
0,2-5 g/g MeHg 

(sci) for 24h or 2weeks 

 Immature DCX+ cells in DG 

↑ Apoptosis of proliferative NSC in hilus and GCL 

 Cell number in hilus and GCL 

Hippocampal-dependent memory deficits 

[41] 

Sprague–Dawley 

rats 

2.5–10 μg/gbw MeHg for 

8 and 24 h 

1.5 μmol/L of MeHg for 

24h 

In vivo: DNA synthesis in hippocampus 

Changes in DG structure 

 cells in GCL and hilus 

 cyclin E; cyclin D1 and D3 

↑Cleaved Cas-3 ↑oxidative stress via ROS 

 hippocampal-dependent memory 

 

In vitro cortical cells:  DNA synthesis  cyclin E  

↑Cleaved Cas-3 

[42] 

Sprague–Dawley 

rats 

0.6μg/g or 5μg/g MeHg 

for 24h, 14 days (sci) 

 Sox2 cells in hilus and CGL 

 
[43] 

Rat Primary 

hippocampal NSC 

100 pmol/L-10 nmol/L 

MeHg for 48h 

 DCX 

Neurogenic differentiation MAP-2 expression  

↑ Astrogliogenic differentiation GFAP 

[44] 

Human SH-SY5Y 

neuroblastoma cell 

line  and mouse 

cortical NPC  

SH-SY5Y: 0.1-10 μM 

MeHg for 5h 

NPC: 0.03-3 μM MeHg for 

5h 

Low doses promote ↑ CNTF-evoked P-STAT3 

↑ CNTF-evoked GFAP in NPC 

High doses promote oxidative stress via ROS 

[45] 

Wister rats 
0.04 mg/kg/day MeHg in 

gavage for 60 days 

Impairment of cognitive functions 

 NeuN+ cells in hippocampus 

 Antioxidant capacity 

[46] 

Wister rats 
0.04 mg/kg/day MeHg in 

gavage for 60 days 

 NeuN+ cells in motor cortex 

 Antioxidant defense 

↑ Nitrite levels 

↑ Lipid peroxidation 

[47] 

Adult male Wistar 

rats 

6.7 mg/Kg/day MeHg for 

5 days + 2 days free of 

MeHg (for day 7 tissue 

samples). Cycle repeated 

once for day 14 samples 

↑ Neural cell death 

NeuN cells axons in sensory neurons 

Neurofilament in sensory fibers (axonal marker) 

[20] 

Rat PC12 

differentiating 

neuronal cell line 

and primary CGC 

1 nM–100 μM MeHg   Neurite outgrowth [48] 

Sprague–Dawley 

rats 

4; 8 mg/kg MeHg on 

gestation 

Primary cultures of pup cortical neurons: cell viability; 

↑apoptosis 

↑glutamate-induced apoptosis 

 MAP2 immunoreactivity 

 β3-tubulin immunoreactivity 

[49] 

 

Wistar rats 

 

0.05; 0.25 mg/kg/day 

MeHg 

 NF-H 

Presynaptic proteins: SPP; SNAP25 

 Post synaptic proteins: PSD-95 

[50] 



Rat PC12 

differentiating 

neuronal cell line 

100 nM MeHg for 24h 

 NF-H 

↑ neuronal cell death by apoptosis 

Inhibition of neurites extension 

[51] 

Wistar rats 
1.5 mg/kg MeHg 

GD5 - partiture 

Alterations in synaptic plasticity and neurotransmission 

in the developing rat brain; BDNF; GDNF; ↑GFAP in 

hippocampus 

[52] 

Human neural 

progenitor cells 

ReNcell CX cell 

line 

10; 50 nM MeHg for 24h 

 Mitochondrial metabolic function; ↑ apoptosis; ↑ ROS 

production; 

Mitochondrial potential 

ATP produced 

[53] 

Mouse  

Neuro-2a 

cell line 

1-5 μM MeHg for 24h 

↑Apoptotic cell death (activation of PARP; PS exposure 

and ↑Cleaved Cas-3); ↑ER stress and 

↑ROS-mediated Akt inactivation 

[54] 

C.Elegans 
0.05; 0.5; and 5 μM of 

MeHg 
Changes in cephalic dopaminergic neurons [55] 

Human SH-SY5Y 

cell line 
50 nM MeHg for 24h 

Cell viability; Glutamate-mediated cell viability via 

NMDA receptor 
[56] 

Sprague–Dawley 

rats 

5mg/kg MeHg gavaged 

for 7days 

Changes in mRNA of NMDA receptor subunits in 

hippocampus and cerebral cortex: NR2A; NR2B 

(hippocampus) and ↑NR2C 

[57] 

hiPSC-MNs 

0.1; 0.2; 0.5; 1 and 1.5 μM 

MeHg for 1h (+24h 

recovery) or 24h 

Biphasic increase in Ca2+ mediated by AMPA/KA 

receptor; Fragmentation of neurites 
[58] 

Spinal cord 

 slices from the 

lumbar region of 

young adult male 

mice 

20 μM MeHg for 5-25 

min 

 

↑Neurotoxicity and hyperexcitability; ↑Ca2+ 
[59] 

Rat Primary 

Cerebellar 

Granular Neurons 

100 nM MeHg for 24h or 

48h 
Cell viability; BDNF-mediated cell viability; GSH [60] 

Human SH-SY5Y 

neural cell line 
0.03-9 μM MeHg for 72h 

↑Cell death (DNA oxidative damage; Cas-1; Cas-3 and 

Cas-8); ↑Pro-inflammatory cytokines (IL-1β; IL-6; TNF-α; 

IFNγ) and Anti-inflammatory cytokines (IL-10) 

[61] 

Human SH-SY5Y 

neural cell line 

250-1250 nM MeHg 

for 24h 

Differentiated and non-differentiated cell viability; 

↑Oxidative stress in differentiated cells 
[62] 

Mouse neural stem 

cell line C17.2 

and Mouse 

primary NSCs 

0.05–2 M MeHg 24h or 

48h for differentiation 

↑Apoptosis (Bax activation; Cyt c translocation; Cas-3 

activation and Calpain); Inhibition of NSC differentiation 
[63] 

8 weeks old 

C57BL/6 male mice 

Mouse neural stem 

C17.2 cell line  

Single 25 mg/kg 

MeHg administration + 5 

or 7 days free of MeHg; 

5; 10 μM for 1-9h 

↑TNF-α mRNA (cerebrum and cerebellum); TNF-α 

mRNA; 

↑ TNF-α release 

[21] 

Rat primary 

cortical neurons 
0.25 -1µM MeHg for 6h 

Cell viability; ↑Oxidative stress (SOD; GSH; GSH-

Px); ↑Lipidic peroxidation 
[64] 

Swiss mice 4 mg/kg MeHg for 15 days 

GSH and GST; ↑Lipidic peroxidation; ↑Mitochondrial 

damage; ↑Neuronal cell death in CA3 hippocampal 

region and PFC 

↑Lipidic peroxidation 

[65] 

Rat primary 

cultures of CGCs 

5-10 µM MeHg for 1h  

1 µM for 18h 

↑Necrosis (higher concentrations); ↑Apoptosis (lower + 

longer incubations) 
[66] 

 

Table S4: Biological models and MeHg exposure protocols used to evaluate neuron cellular alterations 

  



 
Abbreviations:   

Akt: Protein kinase B (PKB); AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; 

KA: kainic acid; ATP: Adenosine-5'-triphosphate; Bax: bcl-2(B-cell lymphoma 2) -like protein 4; 

BDNF: Brain derived neurotrophic factor; CAT: Catalase; Cas-1: Caspase-1; Cas-3:Caspase-3; Cas-

8:Caspase-8; CGC: cerebellar granule cells; CNTF: Ciliary neurotrophic factor; CSF: 

Cerebrospinal fluid; Cys: Cystein; Cyt c: Cytochrome c; DCX: Doublecortin; DG: Dentate Gyrus; 

ER: Endoplasmatic reticulum; ERK: Extracellular signal-regulated kinase; GCL: granule cell layer; 

GDNF: Glial cell-derived neurotrophic factor; GFAP: Glial fibrillary acidic protein; GLAST: 

Glutamate Aspartate Transporter 1; GLT-1: Glutamate transporter-1; GPx: Glutathione 

peroxidase; GS: Glutathione synthetase; GSH: Glutathione reduced; GSSG: Glutathione oxidant; 

Hg: Mercury HIF-1α: Hypoxia-inducible factor 1-alpha; hiPSC-MN: human induced pluripotent 

stem cell-derived motor neurons HO-1: Heme oxygenase-1; IFNγ: Interferon γ; IL-10: Interleukin-

1;; IL-6: Interleukin-6; iNOS: Inducible nitric oxide synthase; JNK: c-Jun N-terminal kinases; LDH: 

Lactate dehydrogenase; MAP2: Microtubule-associated protein 2 ; MeHg: Methylmercury ; 

NAD+/NADH: Nicotinamide: adenine dinucleotide/ nicotinamide adenine dinucleotide reduced; 

NADPH: Nicotinamide adenine dinucleotide phosphate  NeuN: Neuronal Nuclei; NF-H: 

Neurofilament – H; NF-kB: Nuclear factor kappa B; NMDA: N-methyl-D-aspartate receptor; NO: 

Nitric oxide; NPC: Neuronal progenitor cells; NQR: quinone oxidoreductase; Nrf2: Nuclear factor 

erythroid 2–related factor 2; NSC: Neuron Stem Cells; PARP: Poly (ADP-ribose) polymerase; PFC: 

Prefrontral cortex ; P-MYPT1: phospho-Myosin Phosphatase Target Subunit 1; P2Y1: Human 

purinergic G protein‐coupled receptor; PI: Propidium iodide; PS: Phosphatidylserine; PSD-95: 

Postsynaptic density protein 95; P-STAT3: phospho-Signal transducer and activator of 

transcription 3 ; ROCK: Rho-associated protein kinase; ROS: Reactive Oxygen Species; S100β: 

S100 calcium-binding protein B; sci: subcutaneously injected; SNAP25: Synaptosomal-associated 

protein 25; SOD-1: Superoxide dismutase 1;SOX2: SRY (sex determining region Y)-box 2; SPP: 

Signal Peptide Peptidase ; TNF-α: Tumor necrosis factor α; 
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