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Background: Lead (Pb) is a persistent environmental neurotoxin and its exposure even in minute 

quantities has been known to induce neuronal defects. The immature brain is singularly sensitive 

to Pb neurotoxicity, and its exposure during development has permanent detrimental effects on the 

brain developmental trajectory and neuronal signaling and plasticity, culminating into compromises 

in the cognitive and behavioral attributes which persists even later in adulthood. Several molecular 

pathways have been implicated in the Pb-mediated disruption of neuronal signaling, including 

elevated oxidative stress, alterations in neurotransmitter biology, and mitochondrial dysfunction. 

Nevertheless, the neuronal targets and biochemical pathways underlying these Pb-mediated altera-

tions in synaptic development and function have not been completely deduced. In this respect, 

recent studies have shown that synaptic signaling and its maintenance and plasticity are critically 

dependent on localized de novo protein translation at the synaptic terminals.

Materials and methods: The present study hence aimed to assess the alterations in the 

synapse-specific translation induced by developmental Pb exposure. To this end, in vitro 

protein translation rate was analyzed in the hippocampal synaptoneurosomal fractions of rat 

pups pre- and postnatally exposed to Pb using a puromycin incorporation assay. Moreover, we 

evaluated the therapeutic effects of ascorbic acid supplementation against Pb-induced deficits 

in synapse-localized protein translation.

Results: We observed a significant loss in the rates of de novo protein translation in synaptoneu-

rosomes of Pb-exposed pups compared to age-matched control pups. Interestingly, ascorbate 

supplementation lead to an appreciable recovery in Pb-induced translational deficits. Moreover, 

the deficit in activity-dependent synaptic protein translation was found to correlate significantly 

with the increase in the blood Pb levels.

Conclusion: Dysregulation of synapse-localized de novo protein translation is a potentially 

critical determinant of Pb-induced synaptic dysfunction and the consequent deficits in behavioral, 

social, and psychological attributes of the organisms. In addition, our study establishes ascorbate 

supplementation as a key ameliorative agent against Pb-induced neurotoxicity.

Keywords: synaptoneurosomes, heavy metal neurotoxicity, neuropsychiatric, blood lead level, 

puromycin

Introduction
Widespread industrial use of lead (Pb), a naturally occurring toxic heavy metal, has 

resulted in an elevated risk of its exposure in both animals and humans, making it a 

prominent environmental and occupational health hazard.1,2 In spite of measures to 

limit its use and contain its exposure, Pb remains a high-risk environmental toxin and 

a major threat to public health, particularly in developing countries.1 Several factors 

are responsible for this. First, Pb exposure can occur through contaminated air, water 
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as well as food. Second, exposure of almost all forms of Pb 

(metallic, organic, and inorganic) is toxic.2

The nervous system constitutes as a prominent target of 

Pb toxicity which is evident by behavioral abnormalities, 

neuromuscular disabilities, and cognitive deficits in events 

of Pb exposure.2–4 Of note, exposure to even low levels of Pb, 

previously thought to be permissible, can be neurotoxic and 

have deleterious and irreversible cognitive and psychological 

outcomes.5–8 Brain functions including higher order sensory 

motor, cognitive and behavioral functions rely principally 

on the inter-neuronal communication at the synapses.9,10 

Deleterious effects of Pb exposure on synapse function and 

their maintenance and plasticity have been confirmed by 

many studies7,11,12 and seem to involve alterations in several 

intricate interacting physiological processes including redox 

homeostasis, mitochondrial functions and dynamics, and sig-

naling of calcium and other secondary messenger molecules, 

transcription and gene expression, membrane biophysics, 

neurotrophic signaling, neurotransmitter synthesis, and 

release and biology of their receptors.7,13

The developing nervous system is particularly vulner-

able to early life lead exposure.14 Pb-induced changes in 

the synaptic functions during brain development have dire 

consequences on the function and plasticity of the brain,7,14,15 

culminating into permanent alterations in higher order brain 

functions, including sensory motor, cognitive and social 

attributes as well as response to psychological stressors.5,16,17 

Hence, a thorough assessment of the molecular and cellular 

players involved in synaptic dysfunction induced by 

developmental Pb exposure in the developing nervous system 

is warranted. Among several mechanisms implicated in 

maintenance and plasticity of proper synaptic signaling, the 

role of localized de novo protein translation is only beginning 

to be appreciated.18–21 In addition to the tightly controlled tar-

get mRNA transport to the synapses, presence of a functional 

translational machinery at the synaptic terminals empowers 

individual synapses to regulate the strengths of their signaling 

independently. Of note, changes in the synaptic proteome can 

be robustly induced by neuronal activity in part by alterations 

in the protein translation profiles.20,22 Consequently, localized 

protein translation at the synapses plays an important role in 

the proper re-configuration of neuronal circuitry in events 

of neuronal depolarization.18,20–23 In view of the critical roles 

of localized protein translation in the regulation of their 

function, maintenance and plasticity, alterations in synaptic 

protein translation are increasingly being perceived as major 

contributors to neuropathological outcomes in a wide variety 

of neurological disorders.20,24–28

In this study, we analyze the effects of early life Pb expo-

sure on synapse-localized de novo protein translation in the 

rat hippocampus. The hippocampus is a limbic structure that 

is closely involved in learning and memory function. As such, 

neuronal circuitry of the hippocampi is particularly susceptible 

to activity-dependent alterations in synaptic strength. In fact, 

the best known mechanisms of activity-dependent neuronal 

plasticity, long-term potentiation, and long-term depression 

have been extensively characterized in the hippocampus and 

are implicated as potential mechanisms underlying the higher 

order brain functions, such as learning and memory, the for-

mation and modification of cognitive maps, and the ability of 

organisms to react to stressful experiences.29 Of note, several 

recent studies have implicated dysfunction at the hippocam-

pal circuitry as among the most critical mechanisms that 

govern brain deficits induced by Pb neurotoxicity.7,13,30–34

The present study also assesses the therapeutic effects of 

supplementation of ascorbic acid or vitamin C in preventing 

the Pb-induced alterations in the hippocampal synaptic 

protein translation. Ascorbic acid is a water soluble vitamin 

and has been shown to have tremendous neuromodulatory 

and neuroprotective properties in several neuropathologies, 

including ethanol-induced neuroinflammation, cerebral 

ischemia, oxidative damage, excitotoxicity, kainate-induced 

seizures as well as neuropsychiatric diseases.35–39 Neuropro-

tective effects of ascorbate supplementation in heavy metal 

toxicity are also well documented and stem from a multifac-

eted array of therapeutic mechanisms including metal chela-

tion, antioxidant and anti-apoptotic actions, and modulation 

of neurotransmitter signaling.37,40,41 In particular, therapeutic 

effects of ascorbate in the events of Pb exposure and toxicity 

have been well-documented by a number of groups.42–47 Of 

note, our recent study has shown appreciable recovery of 

early life Pb-induced synapse-specific mitochondrial bioen-

ergetic defects by ascorbate supplementation.48

Materials and methods
chemicals, reagents, and antibodies
Puromycin dihydrochloride (CAS no. 58-58-2) and chloram-

phenicol (CAS no. 56-75-7) were procured from Millipore 

Merck (Billerica, MA, USA). Protease and phosphatase inhib-

itor cocktails were from Thermo Fisher Scientific (product 

no. 1861748; Waltham, MA, USA) and Sigma-Aldrich 

Co. (catalog no. P5726; St Louis, MO, USA). 100 µm and 

10 µm nylon membrane filters were obtained from Merck 

Millipore (catalog nos. NY1H02500 and NY1002500, 

respectively). Antibodies against PSD-95 and α-tubulin were 

from Thermo Fisher Scientific (catalog nos. MA1046 and  
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322500, respectively). The antibody against puromycin was 

procured from Merck Millipore (catalog no. MABE341). The 

horse-radish peroxidase-linked secondary antibodies against 

rabbit (catalog no. 31460) and mouse immunoglobulin G 

(catalog no. 31430) were from Thermo Fisher Scientific. 

Clarity™ Western ECL substrate was obtained from Bio-

Rad Laboratories Inc. (catalog no. 170-5061; Hercules, CA, 

USA). All other chemicals purchased were of analytical grade 

and from either Merck Millipore or Sigma-Aldrich Co.

animals and experimental paradigms
All experiments involving animals were carried out in accor-

dance with the institutional guidelines for animal care and use 

for scientific research and after approval by the institutional 

review board, Imam Abdulrahman Bin Faisal University, 

Dammam. The experimental paradigm of pre- and postnatal 

lead exposure and ascorbate supplementation employed has 

been previously reported by us.48 In brief, female Wistar 

rats were housed in cages with sexually mature males (2:1; 

male to female ratio) under a light/day 12/12 hours regime 

in rooms with a controlled temperature of 25°C. Food chow 

and drinking water were provided ad libitum. At gestation 

day 15 (GD15), the pregnant females were randomly divided 

into four groups: Ctrl (control), Pb (lead), Pb+Asc (lead and 

ascorbic acid) and Asc (ascorbic acid). Dams of the Ctrl and 

Asc groups were provided with normal drinking water and Pb 

and Pb+Asc groups received 0.2% lead acetate (2,000 ppm) 

in drinking water from GD15 until the day of weaning of pups 

at postnatal day 21 (P21). Mothers of Pb+Asc and Asc groups 

were provided with 500 mg/kg body weight of ascorbic 

acid using an oral gavage from GD15 until weaning of pups 

(P21). Treatment with ascorbic acid and/or lead acetate was 

stopped immediately after weaning of the pups. To abrogate 

the effects of gender-specific responses and outcomes to 

early life Pb exposure particularly in the hippocampus,49–52 

only male pups were randomly selected from each group 

for the study and sacrificed at P30. This model of oral Pb 

administration in drinking water has been widely employed 

as it is thought to mimic the environmental exposure to this 

heavy metal.34,53–55

Measurement of blood Pb levels
Digestion of blood obtained immediately before sacrificing 

the rat pups was performed as described by Chaurasia et al 

with slight modifications.56 Briefly, blood (0.5 mL each 

sample) was digested in 5 mL of a nitric acid-perchloric 

acid solution (ratio of concentrated HNO
3
:HClO

4
 was 1:6) 

at 110°C for 1 hour. After filtering through a Whatman 

filter paper no. 41, the digested blood was analyzed for 

Pb levels by using an iCAP 6300 Duo inductively coupled 

plasma optical emission spectrometer (ICP-OES; Thermo 

Fisher Scientific).

isolation of synaptoneurosomes
A protocol involving sequential filtration steps was employed 

for biochemical isolation of synaptoneurosomes. This method 

was chosen because it has been shown to be suitable for 

studying in vitro protein translation by us and others.24,27,57–59 

Briefly, the hippocampi isolated from the pups were homog-

enized using a Potter-Elvehjem tissue grinder (Kimble, 

Rockwood, TN, USA) in 10× volume of ice-cold transla-

tion buffer (118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO
4
, 

2.5 mM CaCl
2
, 1.53 mM KH

2
PO

4
, 212.7 mM glucose, 1 mM 

1,4-dithiothreitol (DTT), pH 7.4) supplemented with protease 

inhibitor cocktail, phosphatase inhibitor cocktail, 30 U/mL 

RNAse inhibitor, and 200 µg⋅mL−1 chloramphenicol. The 

homogenate (denoted as Hgt) obtained was then sequentially 

passed through 100 µm (twice) and 10 µm nylon membrane 

filters. A small part of the filtrate obtained after passing 

through two 100 µm filters (designated filtrate 1 or F1) 

was saved to assess enrichment of post-synaptic density 

95 (PSD-95), a synaptic marker protein58,59 for quality-control 

analysis of synaptoneurosomes. The final filtrate obtained 

after passing through the 10 µm filter was centrifuged at 

1,500× g at 4°C for 10 minutes to obtain the supernatant 

(denoted Sup) and the synaptoneurosomal pellet (denoted 

as SN). The SN pellet was resuspended in translation buffer 

and processed immediately for in vitro protein translation 

assay. A part of the resuspended SN pellet was solubilized 

in SDS-PAGE sample buffer (62.5 mM Tris-HCl, pH 6.8, 

2% SDS, 5% 2-mercaptoethanol, 20% glycerol, and 0.0006% 

bromophenol blue) and stored at −20°C for immunoblotting 

to assess PSD-95 levels.

stimulation of synaptoneurosomes and 
puromycin incorporation assay
Subcellular preparations of synaptoneurosomes obtained 

using the sequential filtration protocol have been shown to be 

a robust in vitro system for assaying local synthesis of synap-

tic proteins.27,57–59 Because this protocol allows preservation 

of both the soluble factors and the energy sources (synaptic 

mitochondria) in their native form in the synaptoneurosomal 

fractions, their addition prior to in vitro protein translation 

assays is not required.60 We employed a puromycin-based 

nonradioactive surface sensing of translation, the SUnSET 

method,61 for the assessment of de novo protein synthesis in 
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the synaptoneurosomal samples. The SUnSET protocol has 

been previously employed by us and others24,62,63 and was 

chosen because of its obvious advantage over the conven-

tional radioactivity-based 35S-methionine incorporation assay. 

In brief, synaptoneurosomes were diluted in translation buffer 

to a concentration of 1 mg⋅mL−1 protein and preincubated at 

37°C for 5 minutes. Stimulation of synaptoneurosomes was 

performed in the presence of 50 mM KCl and 10 µg⋅mL−1 

puromycin at 37°C for 15 minutes.24,27,57,64 Unstimulated 

samples were incubated with 10 µg⋅mL−1 puromycin alone. 

Chloramphenicol in the translation buffer ensured assay of 

protein translation in a synapse-specific manner by inhibiting 

any protein translation in the synaptic mitochondria present in 

the synaptoneurosomal fraction.24,57,60 Following puromycin 

incorporation into nascent peptide chains for 15 minutes, 

synaptoneurosomal samples were pelleted at high speed 

(14,300 rpm), resuspended in SDS-PAGE sample buffer, 

and stored at −20°C for immunoblotting.

immunobloting
Synaptoneurosomal and other neuronal subcellular fractions 

were separated using 4%–15% gradient SDS-PAGE, 

electroblotted onto a polyvinylidene difluoride membrane, 

and immunostained using appropriate primary and secondary 

antibodies. Immunoreactive chemiluminescent signals were 

detected on a ChemiDoc™ MP Imaging System (Bio-Rad 

Laboratories Inc.) and quantified using Image Lab software 

(version 5.2; Bio-Rad Laboratories Inc.).

statistical analysis
Results are represented as mean ± standard error of the mean 

(SEM), unless stated otherwise, and expressed as a multiple 

of the control unstimulated (Ctrl US) sample for each immu-

noblot. The multiple groups were compared using one-way 

ANOVA followed by post hoc tests with Newman–Keuls 

correction. The correlation between the ratio of stimulated 

to basal protein translation and blood Pb levels was calcu-

lated using Pearson’s correlation analysis. All analyses were 

performed using GraphPad Prism 5 software (GraphPad 

Software, Inc., La Jolla, CA, USA). Data were considered 

significant if P,0.05.

Results
Blood Pb levels are elevated upon pre- 
and postnatal delivery of lead acetate 
to rat pups
Although there were no significant differences in the volume 

of water consumed between the groups, the blood Pb levels 

in pups of the Pb group as assessed by ICP-OES were found 

to be around 50-folds in excess of those in the Ctrl pups. 

In addition, ascorbate supplementation significantly reduced 

the levels of blood Pb (Figure 1), as has been previously 

observed in both rodent and human subjects.47,65–71 However, 

it still remained higher than Ctrl values.

hippocampal synaptoneurosomes 
are enriched in PsD-95
The protein levels of PSD-95 were measured using immu-

noblotting for various cellular fractions to assess the level of 

enrichment of the synaptoneurosomal preparations obtained 

by the filtration method. Protein expression of PSD-95 in the 

synaptoneurosomes was found to be more than fourfolds 

greater than the starting homogenate material, indicating a 

robust enrichment of synaptic components (Figure 2).

ascorbic acid supplementation 
rescues the Pb-induced alterations 
in localized protein translation in the 
synaptoneurosomes of rat pups
Appreciable increase in the rate of de novo protein synthesis, 

as assessed by puromycin incorporation, was observed 

when synaptoneurosomes isolated from Ctrl animals were 

stimulated with KCl (Figure 3), as previously reported.27,57,64 

However, high K+-mediated depolarization did not stimulate 

a similar increase in protein translation in synaptoneurosomes 

of Pb-exposed pups. On the other hand, Pb induced a small 

decrease in the basal protein translation rate; the decrease 

Figure 1 ascorbate supplementation reduces the elevation in blood Pb levels 
induced by chronic Pb treatment through drinking. 
Notes: Significant increase in blood Pb levels of pups of the Pb group (665.5±384.6; 
mean ± sD) was observed when compared to those of the ctrl group (13.07±1.332; 
mean ± sD). ascorbate supplementation reduced the blood Pb levels of Pb exposed 
pups to 131.8±39.53 (mean ± sD). Data are represented as mean ± seM (n=6 rats 
per group). *,#Statistical significance when compared to Ctrl and Pb-Asc groups, 
respectively (P,0.0001; F=36.27; aNOVa with Newman–Keuls correction).
Abbreviations: asc, ascorbic acid; seM, standard error of the mean.
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however did not reach statistical significance when compared 

to Ctrl basal levels. Pb-induced decrease in both basal and 

K+-stimulated protein translation was recovered in Pb-Asc 

animals (Figure 3), indicating the ameliorative effects of 

ascorbate supplementation in Pb-induced protein transla-

tional deficits. However, ascorbate supplementation alone did 

not result in any changes in basal or activity driven synaptic 

translation when compared to control animals (Figure S1). 

Interestingly, the detrimental effects of Pb toxicity on protein 

translation were specific to synaptosomal preparations as no 

alterations were observed in global protein translation rates 

in the homogenate samples (Figure S2).

Deficits in activity-dependent protein 
translation correlate with the blood 
Pb levels of the rat pups
Reduction in localized activity-dependent protein translation 

in synaptoneurosomes upon exposure of Pb was confirmed 

when analyzing the ratio of KCl-induced puromycin and 

the respective unstimulated basal puromycin incorporation 

rates for each of animals of the three groups (Figure 4A). 

Lastly, the correlation between activity-driven protein trans-

lation and blood Pb levels was also analyzed. Hippocampal 

Pb levels were not used as a correlative measure for the 

Figure 2 Hippocampal SNs isolated by the sequential filtration protocol are highly enriched in PSD-95 protein. 
Notes: (A) Protein levels of PsD-95, a synaptic protein marker, were analyzed by immunoblotting to estimate the purity of the sN. (B) immunoreactivity of PsD-95 in sN 
was increased by 4.731±1.150 (mean ± sD) fold when compared with the initial hgt. sup = supernatant obtained after the centrifugation step. F1 = filtrate 1 obtained after 
filtration using 100 µm filters. Data are represented as mean ± seM (n=3 independent samples from three rats). *,&,#Statistical significance in the Sup, Hgt, and F1 groups 
(P,0.0001; F=36.27; aNOVa with Newman–Keuls correction).
Abbreviations: hgt, homogenate; PsD-95, post-synaptic density 95; seM, standard error of the mean; sN, synaptoneurosome.

Figure 3 Ascorbate rescues the Pb-induced deficits in localized protein translation at hippocampal synapses. 
Notes: (A) De novo protein translation rate under basal and Kcl-stimulated conditions in the synaptoneurosomes was evaluated using the immunoblotting-based puromycin 
incorporation assay. (B) While depolarization in the presence of KCl significantly stimulated protein translation in synaptoneurosomes of the pups of the Ctrl (1.615±0.3992 
for stimulated compared to 1.000±0.0 for unstimulated; mean ± sD) and Pb-asc groups (1.443±0.3342 for stimulated compared to 1.026±0.3871 for unstimulated; mean ± sD), 
it was ineffective in increasing the rate of translation in Pb-exposed rats (0.6641±0.2668 for stimulated compared to 0.7546±0.1227 for unstimulated; mean ± sD). in addition, 
Pb treatment resulted in a small but insignificant reduction in the basal translation rates in the synaptoneurosomal samples when compared to both Ctrl and Pb-Asc pups. Data 
are represented as mean ± seM (n=6 rats per group). *Statistical significance between the stimulated translation and the respective basal controls and #,&Statistical significance 
in the decrease of stimulated translation of Pb-exposed pups when compared to stimulated translation of ctrl and Pb-asc pups, respectively (P,0.0001; F=10.01; aNOVa 
with Newman–Keuls correction).
Abbreviations: asc, ascorbic acid; seM, standard error of the mean; Us, unstimulated; st, stimulated.
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Figure 4 The decrease in the ratio of stimulated to basal protein translation in synaptoneurosomes is significantly correlated with increases in blood Pb levels. 
Notes: (A) Pb induced a marked reduction in the ratio of the rates of depolarization-induced Kcl-stimulated protein synthesis to those of the corresponding basal 
(unstimulated) samples (0.8836±0.3639; mean ± sD) when compared to control values (1.615±0.3992; mean ± sD). Pb-induced reduction in the ratio of the translation 
rates was rescued by ascorbate supplementation (1.570±0.5975; mean ± sD). (B) Significant correlation was observed between depletion in the ratio of KCl-stimulated to 
basal de novo protein translation at the synapse and the increase in the blood Pb levels of the pups. Data (n=6 rats per group) were analyzed using Pearson’s correlation 
analysis. Data are represented as mean ± seM (n=6 rats per group). *,#Statistical significance when compared to the Ctrl and Pb-Asc groups, respectively (P=0.0267; F=4.656; 
aNOVa with Newman–Keuls correction).
Abbreviations: asc, ascorbic acid; seM, standard error of the mean.

Pb-mediated neurotoxic effects because of the obvious 

advantage of evaluating the blood Pb levels as a diagnos-

tic measure of Pb-mediated neurotoxicity. A strong and 

significant correlation was observed between the loss in 

K+-stimulated synaptoneurosomal translation (expressed 

as the ratio of stimulated to unstimulated translation) and 

increase in blood Pb levels (Figure 4B).

Discussion
Because of the presence of a still-developing blood–brain 

barrier, the immature nervous system is particularly vulner-

able to Pb exposure.14 Importantly, early life chronic Pb 

exposure has been shown to induce irreversible deleterious 

effects on the developmental trajectory and maintenance and 

function of the synapses, which in turn accounts for long-

term deficits in sensory motor and cognitive skills as well 

vulnerability to neuropsychiatric stress.5,6,29

Pb neurotoxicity is most eminent in prefrontal cortex, hip-

pocampus, and cerebellum3 where it results in morphological, 

structural, and pathological alterations in neuronal cells and 

their synaptic connections.29,75 Because of its interference 

with cellular processes which require divalent cations Ca2+ 

and Zn2+, mechanisms of lead neurotoxicity are both multi-

faceted and complex.76 Nevertheless, detrimental alterations 

in synaptic signaling and its maintenance and plasticity are 

among the prime factors underlying Pb neurotoxicity.7,11,12 

Although changes in neurotransmitter (glutamate) release and 

N-methyl-d-aspartate receptor physiology are the best known 

pathways implicated in Pb-induced synaptic dysfunction, a 

complex interplay of several factors is probably at work in 

synchrony. Indeed, recent studies have shed light on some of 

the deleterious effects of Pb on redox and calcium homeostasis, 

cell signaling and death pathways, and membrane receptor 

trafficking and gene expression as candidate mechanisms of 

Pb-induced synaptic dysfunction.13,14

Recent studies have suggested that localized protein trans-

lation, and particularly activity-dependent protein translation, 

at the synapses play critical roles in the precise control of their 

function and plasticity.18,19,21–23 Indeed, synaptic plasticity 

and its long-term consolidation are critically dependent on 

both explicit and dynamic changes in the spatiotemporal 

regulation of localized protein translation, trafficking, 

and organization within the micro-domain of the synaptic 

contacts. Localized protein translation has significant 

effects on the expression and function of a wide variety 

of critical synaptic proteins, including neurotransmitter 

receptors, signaling proteins, and cytoskeletal and scaffold 

elements.23 Furthermore, any dysfunction of the synaptic 

machinery for protein translation could potentially lead to 

behavioral and cognitive deficits.23,77,78 Despite this, the role 

of the dysregulation of synapse-specific protein transla-

tion in neuropathological states is only being started to be 

acknowledged.24,27,57,59,79–81 In view of this, the present study 

aimed 1) to study the alterations of de novo synaptic protein 

translation induced by developmental Pb exposure, if any 

and 2) to evaluate the capacity of ascorbate supplementa-

tion as a beneficial therapeutic strategy in mitigation of this 

dysregulation. Our results suggest a significant breakdown 

of localized protein translation machinery at the hippocam-

pal synapses in juvenile rats pre- and postnatally exposed 

to Pb. Local protein translation at the synapse is regulated by 

several signaling cascades, Akt/mTOR and Erk/MAP kinase 
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pathways being the two most prominent among them.23,78,82 

Interestingly, dysregulation of the signaling pathways of both 

the kinases has been observed in the brain, possibly by the 

induction of oxidative stress.73,83

Interestingly, the deficits in the KCl-stimulated protein 

translation observed in our study correlated significantly 

with blood Pb levels, indicating that synaptic protein trans-

lation is a critical molecular pathway linking developmental 

adversities, such as Pb exposure to their detrimental effects 

on neuronal communication at the pre- and post-synapse. 

It should be noted that early life Pb exposure paradigms 

through drinking water similar to that used in our study 

are also known to cause significant accumulation of Pb in 

hippocampal tissues34,72,73 and show a strong and significant 

correlation with blood Pb levels.74 Moreover, in support of 

previous studies in human subjects,1,6,8,17,32,84,85 our results 

suggest that blood Pb levels serve as a valuable diagnostic 

measure of Pb-mediated dysregulation of neurological 

functions. In addition, while our study implicates altera-

tions in synapse-specific protein translation as a potential 

mechanism underlying Pb-induced alterations in synapse 

maintenance, plasticity; and consequently on memory 

and cognition as well as vulnerability to psychological 

stress, it also establishes ascorbic acid as an important 

therapeutic agent against Pb neurotoxicity,44,45,47,48 The 

mechanism of ascorbate-mediated neuroprotection in Pb 

toxicity seems to be multifactorial, stemming from both its 

antioxidant properties and its Pb chelating function. Being 

a lactone containing an enediol group, ascorbate can form 

a soluble complex with Pb, enhancing its urinary excre-

tion while also preventing its gastrointestinal absorption, 

and eventually lowering its blood levels and reducing its 

bioavailability.70,86,87

Conclusion
Our results suggest that alteration in synaptic protein transla-

tion, particularly that induced by neuronal depolarization is 

observed upon exposure to Pb and potentially contributes 

to the neurotoxic effects of this environmental toxin in 

the developing brain with consequent long term effects 

on higher order brain functions of behavior and cognition. 

Moreover, the study proposes the utilization of ascorbate 

based therapeutic measures in mitigation of Pb-induced 

brain toxicity.
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Figure S1 ascorbate supplementation alone does not alter localized protein translation at hippocampal synapses. 
Notes: (A) Basal and Kcl-stimulated synaptosomal protein translation was evaluated in hippocampal samples of ctrl and asc pups. (B) Depolarization in the presence of 
Kcl induced an increase in the protein translation in synaptoneurosomes of the pups of the ctrl (1.555±0.6100 for stimulated compared to 1.000±0.0 for unstimulated; 
mean ± sD). a similar elevation in protein translation was observed in pups supplemented with ascorbate alone (1.720±0.4584 for stimulated compared to 1.126±0.2650 
for unstimulated; mean ± sD). Data are represented as mean ± seM (n=6 rats per group). *Statistical significance between the stimulated translation and the respective basal 
controls (P=0.0108; F=4.778; aNOVa with Newman–Keuls correction).
Abbreviations: Asc, ascorbic acid; NS, nonsignificant; SEM, standard error of the mean; US, unstimulated; St, stimulated.

Figure S2 Developmental Pb exposure does not influence global protein translation in the hippocampi of rat pups. 
Notes: (A) De novo global protein translation rates were assessed in hippocampal homogenate samples from the pups of ctrl, Pb, and Pb-asc groups. (B) No alteration in 
global translation was observed upon developmental exposure of pups to Pb with (0.9294±0.5748 compared to the ctrl; mean ± sD) or without ascorbate supplementation 
(0.9816±0.4963 compared to the ctrl; mean ± sD). Data are represented as mean ± seM (n=6 rats per group) (P=0.9616; F=0.03927; aNOVa with Newman–Keuls 
correction).
Abbreviations: asc, ascorbic acid; seM, standard error of the mean.
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