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Abstract - Lead (Pb) shows a considerable amount of heavy metal toxicity in the central nervous system. Neuronal death or
neurodegeneration is related to the Pb induced inflammatory processes through microglial activation in brain. Pb induced
activation of microglia leads to the expressions of different cytokines, chemokines and enzymes, such as TNF-a, IL-6, MCP-1,
Cox-2, caspases, nitric oxide synthetase (NOS 2) etc. leading to trigger different signaling cascades, namely, Extracellular-
signal-regulated kinases (ERK1/2), NF-kB Pathway, c-jun N-terminal Kinases/stress-activated protein kinases (JNKs/SAPKS),
p38 MAPK, Akt Pathway in neuroinflammation. Thus, the first line of defense mechanism homeostasis is disturbed by the Pb
induced activation of microglia leading to neuronal death.
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1. INTRODUCTION

Lead (Pb) is a toxic environmental agent that has debilitating effects on human health. It is considered
as the 2™most toxic substance according to ATSDR that is being used extensively due to its efficient
properties of corrosion resistance and high malleability. Over the years it has been observed that several
natural and anthropogenic activities have been the reason for lead contamination in the environment. Lead can
come in the atmosphere by efflux from mining lead and other metals, and from industrial units that make or
use lead, lead alloys, or lead compounds. Lead in the soil is mainly due to the weathering of lead based paints
from the heavy structures like bridges and buildings that stick firmly to the soil particle and settles in the
upper layer of the soil. Lead used in gasoline and unleaded petrol and released by the automobiles contributes
to lead in air. These soil particles when enters the water bodies do contaminate them too. They may also
contaminate the water by getting released from the leaded pipes when the water becomes acidic. Surface
water lead contamination is also due to lead containing dust from the environment and industrial effluents of
iron and steel industries along with urban run-off.

Global lead toxicity — resulting from human activities is responsible to the great increased circulation
of lead in soil, water and air — remains significant. Despite a century of cumulative evidence about its threat to
the health of children, lead remains to be added to paints, pigments, toys, traditional medications and other
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consumer products, especially as manufacturing shifts to low-income countries that lack environmental and
product content controls and policies.

Lead toxicity has been under the radar of the environmentalist since the 1960s. Biologists have been
concerned about the negative impact on health due to lead poisoning. It has been recognized as the major
pollutants of environment. Central nervous system (CNS) of late has been identified to be affected due to lead
poisoning [1].As mentioned earlier lead toxicity in the nervous system by CNS impairment in children leads
to cognitive deficits|[2-4]. Chronic exposure of this heavy metal is debilitating to the functional behavior of an
organism[2-4]. Studies have repeatedly shown that acute exposure to Pb can lead to glial activation and
secretion of cyto-chemokines in both in vitroand in vivomodels[5-8].

Acute lead poisoning affects various organs in our body including CNS[9-12], gastrointestinal (GI)
tract[13], blood and kidneys[14-16]. Manifestation of lead poisoning in CNS has been marked through pain,
muscle weakness, numbness and tingling, and, rarely, symptoms associated with inflammation of the
brain[17]. Other acute symptoms are nausea, vomiting, diarrhea,abdominal pain and constipation[18]. People
who survive acute poisoning often go on to develop symptoms of chronic poisoning[18].Inorganic lead has
been speculated to damage the PNS (peripheral nervous system) by causing peripheral motor neuropathy with
paralysis (“wrist drop” and “ankle drop”)[19, 20].

Chronic cases of lead poisoning generally associated with multiple tissues or organs but an in depth
research in the field tells us that there are these three main types oforgan systems that are affected most:
gastrointestinal, neuromuscular, and CNS[17]. CNSand neuromuscular diseases due to lead toxicity usually
result from intense exposure, showing gastrointestinal symptoms mainly[18]. Chronic exposure of lead in
CNS showsshort-term memory andattention, depression, abdominal pain, nausea, loss of synchronization, and
numbness and itchiness in the extremities[21]. In chronic lead poisoning these problems like fatigue,
headaches, stupor, problems with sleep, garbled speech, and anemia can be found[17].Hyperkinesia or
aggressive behavior disorders has been typically observed in children suffering from an enhanced lead
concentration with the tissue[17]. Visual disorder may exists with progressivelydevelopingblurry vision
because of central scotoma, initiated by toxic optic neuritis[22-27].

It also accounts for most of the cases of pediatric heavy metal poisoning as it is shown to interfere
with the development of the nervous system resulting in permanent learningand behavioral disorders[28,
29].Lead poisoning affects the PNS (especially motor nerves) and the CNS[19, 20].PNS effects are observed
more prominently in adults and CNS among children[30]. This difference may be attributed to the
development of the Blood-Brain-Barrier (BBB) or the immune system of the body[31-33]. Lead causes the
axons of nerve cells to degenerate and lose their myelin coats[34-39].Lead exposure in has been observed to
cause learning disabilities[3, 40-44], and children with more than 10ug/dL concentration of lead in their blood
has been reported to suffer from developmental disabilities[45-47].The increase in concentration of lead in
blood has an inverse correlation with intelligence, nonverbal reasoning, memory, attention, reading and
arithmetic ability, fine motor skills, emotional regulation, and social engagement[48].Unfortunately for lead
toxicity no threshold has been determined to interpret the level of cognitive abilities in children. As for
example it has been reported that children suffer from reduced academic performance with low blood lead
levels even below and blood lead concentration of 5 pg/dL[48-50].Although adults were not reported to
develop CNS problems due to lead poisoning some cases are there that tells about high blood lead levels in
adults are also associated with the increase in lead concentration in blood. A decrease in cognitive
performance and psychiatric symptoms such as depression and anxiety has been associated with increase in
blood lead poisoning[51].In Korea,it was found in a large group of inorganic lead workers had lead levels in
blood(20-50 ng/dL) were associated with cognitive defects[52].Increase in blood lead levels from about 50 -
100 pg/dL in adults have been diagnosed to be associated with persistent, and possibly permanent,
impairment of CNS function[53, 54].In the PNS, the motor axons are the primary target of lead toxicity. Lead-
induced pathological changes in these fibers consist of segmental demyelination and axonal degeneration.
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Extensor muscle palsy with wrist and ankle drop has been identified since the time of Hippocrates as the
conventional clinical sign of the peripheral neurological toxicity of lead; however, this basically occurs with
chronic lead poisoning and is uncommon in acute exposure to lead. In the CNS, lead causes asymptomatic
malfunction of neuro-behavioral function in children at doses not sufficient to produce clinical
encephalopathy.

Pre-natal exposure to lead and direct interaction to lead in human milk from conception onward, lead
that has been preserved in the mother’s skeleton in years past is eluted into the circulation under the metabolic
stress of pregnancy. Throughout pregnancy, lead readily passes from the maternal to the infant circulation,
and the blood lead concentration of the infant appears virtually same to that of the mother[55]. Once in the
infant, Pb can get into the immature BBB to enter the developing brain[56]. The maturing human brain is
particularly vulnerable to lead, even at very low levels of exposure. The source of lead in an infant’s blood
may be a mixture of about 2/3"of dietary and 1/3"of skeletal lead, as shown by studies that exploited the
dissimilarities in lead isotopes stored in the bones of women migrating from Europe to Australia[57].
Although lead is found in human milk, the concentration is near to that of plasma lead and much less than that
found in whole blood, so little is transferred to the infant. Because infant formulas and other foods for infants
also consists of lead (as may the water used to prepare these foods), women with generally encountered blood
lead concentrations who breast-feed their infants expose them to lesser lead than if they do not breast-feed. In
Mexico, providing women supplemental Ca during lactation resulted in a (less than 2 pg/dl) decrease in the
mother’s blood lead concentration, perhaps by decreasing skeletal resorption[58]. In theory, this could further
decrease the transfer of lead through breast milk. Mechanisms of lead neurotoxicity is one of the mechanisms
underlying the neurotoxicity of lead motivates in its ability to substitute for other polyvalent cations (mostly
divalent cations, such as calcium (Ca2+) and zinc (Zn2+)) in the molecular mechanism of living
organisms[59]. In various instances, the characteristics of lead approve it to bind with greater affinity than Ca
and Zn ions to protein binding sites. These interactions allow Pb to affect various biologically important
processes that includes metal transport, energy reactions, apoptosis, ionic conductivity, cell attachment,
intercellular and intracellular signaling, diverse enzymatic processes, protein development, and genetic
control. Membrane ionic channels and signaling molecules predicted to be one of the most relevant molecular
targets that leads to lead’s neurotoxicity; the developing CNS is particularly susceptible[55]. Irreversibility of
Pb neurotoxicity the neuro-behavioral changes associated with early exposure to lead appear to be continued
and irreversible[60-64]. These alterations are not reversed or ameliorated by chelation therapy[65]. There is
an inverse correlation between early childhood exposure to Pb and performance on cognition and behavior 10,
15 and 20 years after the blood lead burdens were measured[66]. Early exposures have also been related to
increased rates of hyper-activity, inattentiveness, failure to pass from high school, bad behavior, juvenile de-
linquency, drug abuse and incarceration[60-62, 67-70]. In addition to that it has been observed in the US that
the murder rate decreased sharply after the removal of Pb from gasoline in a 20-year lag[71], a finding related
with the idea that exposure to lead in early life is a strong determinant of behavior decades later in adult life.
Animal studies provide experimental proofs that support the connection between lead and aggression [72].
Thus, it is now quite clear that there are adverse neuro-developmental effects at the lowest blood lead
concentrations yet to be studied. On the basis of this proof it is possible today to confirm that low
concentrations of Pb are harmful to brain development and cognitive function. A threshold for harmful effects
of Pb at the population level, however, has not been recognized[49, 73, 74].

1. EFFECTS OF LEAD ON IMMUNE SYSTEM

The immune system are also highly affected by comparatively low levels of exposure to lead — which
is, lower than 10 pg/dI[75-77]. Prenatal exposure to lead and susceptibility of lead in human milk from
conception onward, lead that has been accumulated in the mother’s skeleton in years past is released into the
blood stream under the metabolic stress of pregnancy. Throughout pregnancy, lead readily across the placenta
and the blood lead concentration of the infant becomes identical to that of the mother [55]. Once in infant,
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lead can spearhead through the immature BBB to enter the developing brain [56]. The human brain in
developing stage is susceptible to very low level of lead exposure.

In addition to this, lead exposure has also been shown to be related with neurodegenerative disorders
which have been reported to be caused due to plethora of intracellular targets, thereby contributing in many
pathogenic processes, which may be characteristic of such disorders such as mitochondrial dysfunction,
oxidative stress, along with brain inflammation. It has been shown that exposure to lead in early phase of
development of the brain can precondition for developing neurodegenerative conditions later in life and heavy
metals can exert adverse effects through acute neurotoxicity or through slow accumulation during prolonged
periods [78].

Brain is one of the major target organs of this heavy metal poisoning where severe neurological
complications may arise after exposure. Lead has been reported to damage the nervous system
microvasculature extensively [79]. In their study, Garcia-arenas et al. have theorized that lead exposure
increases the production of inducible nitric oxide synthase (iNOS) in capillaries of the CNS [79]. However
the findings of this study was in debated by the recent observations that suggested that inflammation may play
a vital role in lead mediated toxicity [80]. Numerous studies on Pb neurotoxicity have indicated this metal to
be a dangerous toxin, particularly during the developmental stages of higher organisms [81].

This phenomenon is accompanied by degeneration of neuronal cells and may be connected with
inflammatory events owing to the production of a wide range of cytokines and chemokines [82]. Prolonged
exposure to lead has also been examined in animal models including rats in a prenatal stage of their life cycle.
In order to investigate its potential pro-inflammatory effects, morphology of microglia has been studied after
exposure to high concentration of lead. Pb exposure leads to significant glial activation, and is marked by
increased levels of glial fibrillary acidic protein (GFAP) and S-100 proteins in all parts of the brain [82].
These modifications are related to elevation of pro-inflammatory cytokines {interleukin-1 (IL-1), interleukin-
6 (IL-6) and tumor necrosis factor-o. (TNF-o)}in hippocampus and forebrain mostly. The results specify
chronic glial activation is noticeable by inflammatory and neurodegenerative features as a new mechanism of
Pb neurotoxicity in postnatal rat brains [7].

Before the acknowledgement of brain macrophages (microglia), the innate mechanisms driving the
pathogen clearance were not well understood. It is now well accepted that activation of microglia is crucial
for the clearance of pathogens within the CNS [83, 84]. However, an exaggerated and sustained response may
prove to be detrimental for the health of neurons and therefore, acute as well as chronic activation of
microglia is often associated with neuro-inflammatory and neurodegenerative conditions of the brain. Once
activated, they may either release pro-inflammatory or anti-inflammatory cytokines, and a balance between
the two decides whether it results in active inflammation. Pro-inflammatory mediators often result in a
compromise of the integrity of the BBB allowing the peripheral leukocytes and macrophages to gain entry
into the CNS. It has already been proven that lead can result in activation of microglia and production of
proinflammatory cytokinesincluding IL-13 and TNF-aboth in vivo and in vitro [85]. These cytokines play an
important role in neurodegeneration when microglia remains in a state of sustained activation.

1. NEUROINFLAMMATION AND IMMUNE RESPONSE

The central nervous system varies from the other body systems and its response to pathogenic en-
counters is a little changed. In compare to the remarkable view that the central nervous system (CNS) is an
immune-privileged organ, deficient a lymphatic system and protected from the circulatory system by the
blood-brain barrier current studies and evidences have led to noteworthy of this idea. The CNS has been
found to have its own private system of fighting through inflammatory response and an adapted system of
immune-surveillance with coordination with the systemic immune system is also evident [86, 87]. However,
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the inflammatory reaction of the other tissues and the brain are different. This is most evident in leukocyte
recruitment, which is rapid in many systemic organs, but modest and delayed in the brain. Although delayed
response in recruiting leukocytes in brain against rapid activation of brain’s own immune cells and release of
inflammatory agents [88]. Inflammation in the brain is categorised by activation of glial cells (mostly micro-
glia and astrocytes) and expression of key inflammatory mediators as well as neurotoxic free radicals. In
CNS, microglia plays a key role in innate immune response as resident macrophages and astrocytes helps to
maintain extra acellular ion balance and provide nutrients to the nervous system [89].The activation of those
glial cells are giving key inflammatory response into the CNS.

V. MICROGLIA: The immune cells of the central nervous system (CNS)

Microglia are the resident immune cells of the CNS and constantly patrol the cerebral
microenvironment to respond to pathogens and damage. Microglial cells are ubiquitous throughout the CNS
and are well placed to sense changes in the health of neurons and glia. They are believed to be of mesodermal
origin, derived from bone marrow precursor cells that enter the CNS early in fetal development, and thus
represent a cell population separate and distinct from peripheral macrophages [90-92]. They are positioned
immediately adjacent to neuronal cell bodies and are interspersed among the oligodendrocytes and astrocytes
of the white matter. In their resting or ramified state, they have long, highly branched processes that extend
into the parenchyma of the CNS. Microglia possesses numerous cytokine and chemokine receptors, which
endow them with the capacity to respond to cytokines released after insults to the CNS [93, 94]. The function
of normal, resting microglia is not known, however it is thought that they serve as a surveillance and
monitoring role in the CNS. Microglia are the primary glial cells implicated in CNS inflammation. They are
of the monocyte/macrophage lineage, which are resident in the brain and are activated in response to
infection, inflammation and injury [95]. Microglial cells are ubiquitous throughout the CNS and are well
placed to sense changes in the health of neurons and glia. They are positioned immediately adjacent to
neuronal cell bodies and are interspersed among the oligodendrocytes and astrocytes of the white matter. In
their resting or ramified state, they have long, highly branched processes that extend into the parenchyma of
the CNS. Microglia possesses numerous cytokine and chemokine receptors, which endow them with the
capacity to respond to cytokines released after insults to the CNS [93, 94]. The function of normal, resting
microglia is not known, however it is thought that they serve as a surveillance and monitoring role in the
CNS.

V. ROLE OF MICROGLIA IN NEUROINFLAMMATION

Microglia are extremely sensitive to neuronal health and are often the first cell population in the CNS
to respond to such changes. By acting as APCs and controlling the transition to the adaptive immune
response, microglial cells are mediators of the innate response in the CNS [96-99]. Therefore, microglial
activation is a hallmark of almost all brain pathologies, including although not limited to trauma, stroke and
different viral and parasitic meningitis [100, 101]. Microglia are activated rapidly in response to such insults,
and take on the morphology of activated macrophages. They are important phagocytic cells and release
numerous inflammatory molecules, particularly cytokines [102, 103]. After stimulus microglial activation
follows a stereotypic pattern of cellular response. Ramified, quiescent microglia, in response to an activation
stimulus, proliferate and migrate to the site of injury or inflammation [104-107]. Once there they undergo
additional immune-phenotypical and functional changes. They increase or express, de novo, a number of
immune related proteins such as complement factors, cytokines (IL-1, 1L-6, TNF-a, IL-18) [93, 100-102],
chemokines (MCP-1, MIP-1a, MIP-1B3, RANTES) [93, 108-110], major histocompatibility molecules (MHC)
[111] vascular endothelial growth factor (VEGF) [112-114], lymph toxin, matrix metalloproteinases (MMPs)
[115, 116]. VEGF, NO, and MMPs can weaken the BBB, thus enhancing the infiltration of leukocytes into the
CNS. Functionally they release a repertoire of inflammatory mediators (like iNOS and Cox-2), prostaglandins
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[115, 117] and reactive oxygen species (ROS) [118, 119].

Microglial activation may also be viewed as an adaptive response, whereby microglia release neuro-
protective factors to facilitate the recovery of injured neurons and they phagocytose dying neurons, before
they lyse and release toxic agents into surrounding areas. Experimental data concerning the role of inflamma-
tory processes, including microglial activation, in CNS damage have shown that neuroinflammatory process
can support neuronal survival through multiple mechanisms [120-123]. The temporal profile of neurotrophic
factor induction that follows the endogenous production of pro-inflammatory cytokines after injury points to a
potential role of the inflammatory response in mediating neurotrophic responses. TNF-a and IL-1 are two of
the main cytokines that are detected within parenchymal microglia along the lesion site [124], and a role for
IL-1p in the induction of nerve growth factor expression by astrocytes has been reported [125, 126]. Micro-
glial-derived IL-1 is also required for the astrocytic production of ciliary neurotrophic factor (CNTF) [124]
and insulin-like growth factor 1 (IGF1) [127], both of which promote repair of the injured CNS. Remyelina-
tion is impaired in mice that lack IL-1p, and there is also a profound delay in the differentiation of oligoden-
drocyte progenitors [127]. The activation of microglia and astrocytes, which is indicative of inflammation,
occurs in the CNS of patients with Alzheimer's, Parkinson's and Huntington's diseases, multiple sclerosis and
ALS [98, 128, 129]. The serum and cerebrospinal fluid of these patients show elevated levels of molecules of
the innate immune system, such as IL-6, IL-1p and TNF-a[98, 128, 129]. IL-1p and TNF-a are secreted by
activated parenchymal microglia and can be potent inducers of cell death in models of neurodegeneration,
which can be alleviated by anti-inflammatory drugs and neutralizing antibodies [128, 130-133].

VI. MECHANISMS OF LEAD NEUROTOXICITY

One of the mechanisms influencing the neurotoxicity of lead lies in its ability to substitute for other
polyvalent cations (particularly divalent cations, as for example calcium (Ca2+) and zinc (Zn2+)) in the
molecular machinery of living organisms [59]. Conventionally the characteristics of lead facilitates it to bind
with greater affinity than calcium and zinc ions to protein binding domains affectingmetal transport, energy
metabolism, apoptosis, ionic conduction, cell adhesion, different enzymatic processes, intercellular and
intracellular signaling, protein maturation, and genetic modulation. Membrane ion channels and signaling
molecules have been observed to be one of the most potent molecular targets that contribute to lead’s
neurotoxicity; the developing CNS is particularly vulnerable [55].

An overview of some of the key pro-inflammatory mediators relevant to our study and their effects on CNS
are listed below.

6.1 Tumor Necrosis Factor (TNF)-a:

The 17kDaproinflammatory tumor necrosis factor-a binds to its receptor constitutively expressed in
both neuron and glia [134]. TNF-a per se can be synthesized and released in the brain by astrocytes,
microglial, and some neurons [130, 135-137]. Under various pathological conditions, such as trauma,
ischemia, and inflammatory diseases (HAD, MS, AD), the expression and release of TNF-care rapidly
increased in the CSF and plasma [133, 138-140]. CNS damage can also increase TNF-oactive transport into
the brain [141]. TNF-ais known to increase oxidative stress in the CNS through ROS generation[142]. TNF-a
also induces caspase-3 activation that causes apoptotic neuronal cell death in hippocampal cultures [143].
Inflammatory factors found in brain trauma [144]such as TNF-areleased by glia causingneuron degeneration
in vitro[145, 146] and in vivo[147, 148].Previous results indicated that PKC-MEK-p42/44 MAPK is a
common signaling pathway for lead induced TNF-aexpression in glial cells[148]. Maternal exposure to lead
affects hippocampal long-term potentiation (LTP) leading to learning and memory deficits in mice offspring
[85]. It also affects the expressions of multiple SNARE proteins (SNAP-25, VAMP-2, and Syntaxin 1A) in
the hippocampus [149]. Pb can secrete cyto-chemokines, resulting in subsequent neuroblastoma death via BV-
2 mouse microglial activation. Action of lead culminates into up-regulation of extracellular signal-regulated
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kinase (ERK) and protein kinase B (Akt) pathways, along with activation of an important transcription factor,
nuclear factor-xB (NF-kB) leading to increased level of TNF-o[5].

6.2 Interleukin-6 (IL-6):

IL-6 is a typical pleiotropic cytokine [150, 151], originally identified as a factor in the induction of
immunoglobulin production in B lymphocytes. IL-6 is a glycoprotein cytokine that mediates signal
transduction between immune cells, induces acute-phase protein synthesis, and controls growth and
differentiation of cells of the immune and hematopoietic systems. In the nervous system, IL-6 likely is a
trophic factor that, under some circumstances, supports neuronal and glial differentiation and survival [152].
In addition to these potentially beneficial effects of IL-6, there has been a growing appreciation of the
destructive potential of elevated levels of IL-6 in the CNS [152]. IL-6 levels in the adult CNS are usually low
or undetectable under baseline conditions, but increase dramatically in response to injury, inflammation, and
CNS diseases like EAE. IL-6 produces its effects by binding to IL-6 receptors (IL-6Rs), which form
complexes with gp130. Once formed, the IL-6/IL-6R/gp130 complex stimulates the 2 main signal
transduction cascades (JAK/STAT and Ras/MEK/MAPK) that lead to activation of a number of transcription
factors responsible for IL-6-mediated effects [153]. IL-6 is also involved in several neurological and
neuropathological disorders. For example, IL-6 levels are elevated in the CNS during AD, multiple sclerosis,
as well as during viral and bacterial meningitis [154, 155]. IL-6 is also known to enhance BBB permeability
and inflammatory cell migration into the brain [156]. It has been also found that Pb exposure in C57BL/6J
mice caused dose dependent reductions in interleukin 6 [157, 158].

6.3 MCP-1:

Chemokines are small, inducible, secreted, proinflammatory cytokines acting primarily as
chemoattractants and activators of granulocytes, macrophages and other inflammatory cells [159, 160]. The
accumulation of inflammatory cells, mediated by chemokines in the immediate microenvironment, is an early
event in response to wounding and injury in peripheral organs [161-163] as well as the brain [164-166]. In
vitro and in vivo data support the hypothesis that gradients of locally generated chemotactic factors are
responsible for the recruitment of inflammatory cells into the CNS parenchyma leaking the BBB [167-169].
Each chemokine has cellular specificity and potency for the attraction of particular cells [160]. MCP-1 is one
such chemokines, which is known to regulate BBB permeability [170] may be by altering the expression of
tight junction associated proteins in brain microvascular endothelial cells [171]. MCP-1 was originally
identified as a growth factor-inducible early-response gene in murine fibroblasts. More recent studies have
shown that mature secreted MCP-1, a 76 amino-acid protein, has cytokine-like properties [172]. MCP-1
exerts its effects through its receptor, C-C chemokine receptor type 2 (CCR2), which can have both pro- and
anti-inflammatory actions [173]. Pro-inflammatory cytokines, TNF-cand IL-1p also stimulate the production
of MCP-1 from astrocytes and microglia. In addition, MCP-1 can also be stimulated by IL-6 and colony
stimulating factor-1 (CSF-1). Several reports have shown that MCP-1 plays a role in the CNS diseases
including human gliomas [174, 175], experimental autoimmune encephalomyelitis (EAE) [176] and may also
play a crucial role in neuropathic pain as shown by studies in CCR2-knockout mice, which could be attributed
to reduced macrophage infiltration in these mice [177]. The cellular source of MCP-1 in brain, however,
remains controversial. Both macrophages and astrocytes have been suggested as a possible source of MCP-1
both in vivo and in vitro [176, 178-180]. Pb leads to secretion of cyto-chemokines, resulting in subsequent
neuroblastoma death via BV-2 mouse microglial activation.Action of lead is also characterized by up-
regulation of extracellular signal-regulated kinase (ERK) and protein kinase B (Akt) pathways, along with
activation of an important transcription factor, nuclear factor-xB (NF-«xB) leading to increased level monocyte
chemoattractant protein-1 (MCP-1)[5].
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6.4 Cox-2:

Also known as prostaglandin H synthase, Cox-2 catalyzes the rate-limiting step in the inducible
production of prostaglandins like prostaglandin E(2) (PGE2) from arachidonic acid [181], which is then
converted to active prostanoids by synthases [182]. Cox-2 is expressed in different brain cells, especially
microglia and is responsible for the production of high levels of prostanoids during acute or chronic
neuroinflammation [183]. A variety of stimuli, including growth factors, cytokines, bacterial endotoxins and
phorbol esters can elicit Cox-2 expression [184]. PGE2 has the capability to down-regulate important glial
functions including cytokine secretion by astrocytes and microglia. For example, in a study it was shown that
PGE2 inhibited the up-regulation of IL-12p75 in microglia stimulated with inflammatory agents including
LPS [185]. Pb induces secretion of cyto-chemokines, resulting in subsequent neuroblastoma death via BV-2
mouse microglial activation and up-regulation of Cox-2[5].Lead sets up a cascade to bring in COX-2
expression in glial cells.Study has confirmedthat for COX-2 induction in neurons and glia, lead toxicity
played a key role [186].

VII.  TRANSCRIPTIONAL REGULATION OF MICROGLIALACTIVATION

Secretion of cytokines is an active process and transcription factors play a crucial role in the
activation of microglia. Owing to our knowledge of important regulators and key targets of inflammatory
mechanisms in the CNS and immune responses to neurological diseases, it is clear that a complex nature of
transcription biology operates at the heart of inflammation [187].0f the several pro-inflammatory
transcription factors that are known to be involved in different aspects of inflammation [188], NF-xB is
considered as one of the key transcription factors which culminates into inflammatory pathway activation via
microglial activation [189].Any of the microglia mediated pro-inflammatory stimuli can activate NF-xB
expression [190], which can further induce specific genes that regulate the expression of inflammation and
acute phase genes leading to the continued elevation of inflammatory proteins.

7.1 NF-«xB Pathway in neuro-inflammation:

NF-kB is a family of dimeric transcription factors involved in immune [191]and inflammatory
responses [188, 192], cellular growth, differentiation, and apoptosis [193, 194]. They have also been
implicated in cellular transformation and tumorigenesis [195]. Activation of NF-kB can occur through various
stimuli, including cytokine stimulation, bacterial and viral infection, and oncogenic signals [194]. Although
nuclear accumulation is an important step in NF-kB activation, post-translational modifications on p65 are
proposed to be necessary for the transcriptional competence of nuclear NF-xB. For example, phosphorylation
of p65 on serine 276 is required for stable interactions with the transcriptional co-activator CBP and to
stimulate transcriptional activation of NF-«B target genes [196, 197].Other sites of phosphorylation have also
been described that may contribute to the inherent transcriptional activity of NF-xB [198-200]. Evidence has
also been presented that Akt, which functions downstream of PI3-kinase, can control the transcriptional
activation function of the p65 NF-kB subunit through a mechanism dependent on IKK function but in a
manner which does promote enhanced DNA binding potential [201, 202]. Pb enhances secretion of cyto-
chemokines, culminating into subsequent neuroblastoma death via BV-2 mouse microglial activation. Up-
regulation of extracellular signal-regulated kinase (ERK) and protein kinase B (Akt) pathways, along with
activation of an important transcription factor NF-«xB is also associated with action of lead upon CNSJ5].
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VIII.  SIGNALING PATHWAYS INVOLVED IN MICROGLIAL ACTIVATION

Kinase and phosphate cascades induce microglial response to extracellular stimuli. p38 mitogen-
activated protein kinases are a class of mitogen-activated protein kinases(MAPK) and are reported to respond
to stress stimuli and have been demonstrated to play a significant role in activation of microglial cells which
in turn leads to release of neurotoxic molecules and neuroinflammation [203, 204]. In vivo experiments also
imply that p38 and p44/42 MAPKSs play an important role in microglial activation in acute brain injury states
such as stroke and in chronic neurodegenerative diseases such as Alzheimer’s disease. A MAPK pathway
generally consists of the following 4 sub-pathways:

8.1 Extracellular-signal-regulated kinases (ERK1/2):

Extracellular-signal-regulated kinases (ERK1/2 also known as p44/42 MAPK); Extracellular signal—
regulated kinases(ERKSs) or classical MAP kinases are widely expressed kinasemolecules that play vital roles
in the regulation of meiosis, mitosis, and post mitoticfunctions in differentiated cells and many other
signalling cascades. Many different stimuli including cytokines, virusinfection, growth, ligands for
heterotrimeric G protein-coupled receptors, transforming agents and carcinogens result in the activation of
ERK pathway therefore stimulating appropriate physiological response.Experimental evidence supports the
fact that extracellular signal-regulated kinase 1/2 (ERK1/2) signaling plays a pivotal role in the embryonic
development of the central nervous system (CNS) and in the maintenance of normal adult brain physiology
[205].ERK1/2, one of the most well characterized members of the mitogen-activated protein kinase family
which regulates plethora of processes ranging from metabolism, motility and inflammation, to cell death and
survival [206-208]. In the nervous system, ERK1/2 regulates synaptic plasticity, [209, 210] brain
development and repair [211-214] as well as memory formation [215, 216]. ERK1/2 is also reported to be a
potent effector of neuronal death and neuroinflammation in many CNS diseases [206-208, 217-219]. Pb can
secrete cyto-chemokines, resulting in subsequent neuroblastoma death via BV-2 mouse microglial activation
and up-regulation of extracellular signal-regulated kinase (ERK) pathway[5].

8.2 c-jun N-terminal Kinases/stress-activated protein kinases (JNKs/SAPKS):

C-Jun N-terminal kinases (JNKs), were originally identified as kinases that bind and phosphorylate c-
Jun on Ser-63 and Ser-73 within its transcriptional activation domain.JNKs belong to themitogen-activated
protein kinasefamily, and are responsive to stimuli, such ascytokines,UV irradiation, heat shock,
andosmoticshock. T celldifferentiation [220, 221] and the cellularapoptosispathway are also reported to be
modulated by JNK activity [222, 223]. Works support the fact that this signaling pathway contributes to
inflammatory responses in mammals and insects [224, 225]. Inflammatory signals, perturbations in levels of
reactive oxygen species, ultraviolet radiation, protein synthesis inhibitors, and a variety of stress stimuli may
outcome in JNK stimulation.

One way this activation may occur is through disruption or alteration of the conformation of sensitive protein
phosphataseenzymes which normally are reported to inhibit the activity of JNK itself and the activity of
proteins linked to JNK activation [226].Following their activation, JNKSs are reported to interact with scaffold
proteins like JNK interacting proteins as well as their upstream kinases JNKK1 and JNKK2. JNK1 is
elaborate in apoptosis [222], neurodegeneration [227], cell differentiation [220, 221] and proliferation [228,
229] inflammatory disorders and cytokine production [224, 225] mediated by AP-1 (activation protein 1) for
example RANTES, IL-8 and GM-CSF [230].Recently reports have demonstrated JNK1 to modulate Jun
protein turnover by phosphorylation followed by activation of the ubiquitin ligase Itch [231, 232].Studies
showed that lead toxicity can be seen on adult neural stem cells and impair the normal processes in
hippocampal neurogenesis which may be induced by activation of c-Jun NH2-terminal kinase (JNK) [233].
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8.3 p38 MAPK:

P38 mitogen-activated protein kinasesare a class of mitogen-activated protein kinases (MAPKS) also
known as Cytokinin Specific Binding Protein (CSBP) [234], respond to different stress stimuli such as
cytokines, ultraviolet irradiation, LPS treatment, heat shock or osmotic shock. These proteins also take part in
cell differentiation, apoptosis and autophagy [234].Lead toxicity leads to activation of p38 mitogen activated
protein (MAP) kinase signaling pathway which may play a crucial role in neural degeneration [233].

8.4 Akt Pathway:

For survival and growth PI3K-Akt Pathway is a key signal transduction pathway which respond to
extracellular signals. In this regard, proteins involved are phosphatidylinositol 3-kinase(PI13K)and Protein
Kinase B (Akt).Functional Akt intermediates downstream responses, including cell proliferation, survival, cell
migration, cellgrowth, and angiogenesis, by phosphorylating various intracellular proteins. Akt pathway is
existing in all cells of developed eukaryotes and it is extremely well-preserved [235].The pathway consists of
multiple mechanisms including cross talk with various signalling attributes. Akt phosphorylates several 100
diverse substrates, foremost to an extensive variety of effects on cells [236].Pb can secrete cyto-chemokines,
resulting in subsequent neuroblastoma death via BV-2 mouse microglial activation and up-regulation of
protein kinase B (Akt) [5].

IX. CONCLUSION

As relatively few studies are available particularly regarding the neurotoxicity by the activation of
microglia due to exposure of lead, this topic is now of great concern as Pb toxicity is prevalent in natural
resources. Though the process of inflammatory response due to lead toxicity in CNS is not fully demonstrated
but it has some obvious key role in neurodegeneration. It is evident from studies related to expression of
cytokines, chemokines and activities of enzymes consists of caspases, proteases, nitric oxide synthetase,
cyclooxygenase-2 etc., which can immensely influence the cross-talk between the immune cells in the CNS
(figure 1). Undoubtedly, the role of microglia in neurodegeneration due to heavy metal toxicity need further
research to gain greater insights into the molecular and inflammatory processes as environmental pollution is
now a relevant factor which is affecting the society on daily basis.
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Figure: 1. Schematic diagram showing lead-induced microglial activation and neuronal

X. ACKNOWLEDGEMENT

The authors are highly thankful to Prof. Anirban Basu and the Director,National Brain Research
Centre (NBRC). The authors are also grateful to Dr. Suvadip Mallick for his advises and help during the
preparation of this manuscript.

IJAPRR International Peer Reviewed Refereed Journal, Vol. IV, Issue X, p.n. 18-40, Oct, 2017 Page 28



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

UGC JOURNAL NUMBER 44557

XI. CONFLICT OF INTEREST

The authors declare that they have no competing interests.

XIl. REFERENCES

Luo, W., et al.,, Effects of chronic lead exposure on functions of nervous system in Chinese children and
developmental rats. Neurotoxicology, 2012. 33(4): p. 862-71.

Fiedler, N., et al., Cognitive effects of chronic exposure to lead and solvents. Am J Ind Med, 2003. 44(4): p. 413-23.

Khodamoradi, N., et al., Effect of vitamin E on lead exposure-induced learning and memory impairment in rats. Physiol
Behav, 2015. 144: p. 90-4.

Mendelsohn, A.L., et al., Low-level lead exposure and behavior in early childhood. Pediatrics, 1998. 101(3): p. E10.

Kumawat, K.L., et al., Acute exposure to lead acetate activates microglia and induces subsequent bystander neuronal
death via caspase-3 activation. Neurotoxicology, 2014. 41: p. 143-53.

Struzynska, L., et al., Astroglial reaction during the early phase of acute lead toxicity in the adult rat brain. Toxicology,
2001. 165(2-3): p. 121-31.

Struzynska, L., et al., Inflammation-like glial response in lead-exposed immature rat brain. Toxicol Sci, 2007. 95(1): p.
156-62.

Tonner, L.E., D.l. Katz, and A.S. Heiman, The acute effect of lead acetate on glucocorticoid receptor binding in C6
glioma cells. Toxicology, 1997. 116(1-3): p. 109-22.

Savolainen, H. and J. Kilpio, Brain and blood lead in acute intoxication. Scand J Work Environ Health, 1977. 3(2): p.
104-7.

Marchetti, C., Molecular targets of lead in brain neurotoxicity. Neurotox Res, 2003. 5(3): p. 221-36.
Chibowska, K., et al., Effect of Lead (Pb) on Inflammatory Processes in the Brain. Int J Mol Sci, 2016. 17(12).
Bressler, J.P. and G.W. Goldstein, Mechanisms of lead neurotoxicity. Biochem Pharmacol, 1991. 41(4): p. 479-84.

van Vonderen, M.G,, et al., Severe gastrointestinal symptoms due to lead poisoning from Indian traditional medicine.
Am J Gastroenterol, 2000. 95(6): p. 1591-2.

Wright, L.F., R.P. Saylor, and F.A. Cecere, Occult lead intoxication in patients with gout and kidney disease. J
Rheumatol, 1984. 11(4): p. 517-20.

Lin, J.L. and P.T. Huang, Body lead stores and urate excretion in men with chronic renal disease. J Rheumatol, 1994.
21(4): p. 705-9.

Ekong, E.B., B.G. Jaar, and V.M. Weaver, Lead-related nephrotoxicity: a review of the epidemiologic evidence. Kidney
Int, 2006. 70(12): p. 2074-84.

Pearce, J.M., Burton's line in lead poisoning. Eur Neurol, 2007. 57(2): p. 118-9.

Brunton, L.L., et al., "*Principles of toxicology". Goodman and Gilman's Manual of Pharmacology and Therapeutics. .
2007: McGraw-Hill Professional.

Ehle, A.L., Lead neuropathy and electrophysiological studies in low level lead exposure: a critical review.
Neurotoxicology, 1986. 7(3): p. 203-16.

Beritic, T., Lead neuropathy. Crit Rev Toxicol, 1984. 12(2): p. 149-213.

IJAPRR International Peer Reviewed Refereed Journal, Vol. IV, Issue X, p.n. 18-40, Oct, 2017 Page 29



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

UGC JOURNAL NUMBER 44557

Patrick, L., Lead toxicity, a review of the literature. Part 1: Exposure, evaluation, and treatment. Altern Med Rev, 2006.
11(1): p. 2-22.

Wadsworth, O.F., Double Optic Neuritis and Ophthalmoplegia from Lead Poisoning; Complicated by Typhoid Fever.
Trans Am Ophthalmol Soc, 1885. 4: p. 50-4.

Unseld, D.W.,, [Optic nerve damage caused by lead]. Med Welt, 1966. 9: p. 444-5.

Gralek, M. and B. Bogorodzki, [Optic neuritis caused by contact with lead compounds]. Klin Oczna, 1976. 46(6): p.
663-5.

Bergsman, A, [A case of optic neuritis as the only symptom in lead poisoning]. Nord Med, 1952. 48(37): p. 1277.
Belova, S.F., [Toxic Effect of Lead on the Optic Nerve]. Vestn Oftalmol, 1965. 78: p. 43-4.
Baghdassarian, S.A., Optic neuropathy due to lead poisoning. Report of a case. Arch Ophthalmol, 1968. 80(6): p. 721-3.

Yuan, W, et al., The impact of early childhood lead exposure on brain organization: a functional magnetic resonance
imaging study of language function. Pediatrics, 2006. 118(3): p. 971-7.

Chen, A, et al., Lead exposure, 1Q, and behavior in urban 5- to 7-year-olds: does lead affect behavior only by lowering
1Q? Pediatrics, 2007. 119(3): p. e650-8.

Bellinger, D.C., Lead. Pediatrics, 2004. 113(4 Suppl): p. 1016-22.

Wang, Q., et al., Iron supplement prevents lead-induced disruption of the blood-brain barrier during rat development.
Toxicol Appl Pharmacol, 2007. 219(1): p. 33-41.

Hertz, M.M,, et al., Lead poisoning and the blood-brain barrier. Acta Neurol Scand, 1981. 63(5): p. 286-96.

Song, H., et al., Reduction of brain barrier tight junctional proteins by lead exposure: role of activation of nonreceptor
tyrosine kinase Src via chaperon GRP78. Toxicol Sci, 2014. 138(2): p. 393-402.

Sauer, R.M., B.C. Zook, and F.M. Garner, Demyelinating encephalomyelopathy associated with lead poisoning in
nonhuman primates. Science, 1970. 169(3950): p. 1091-3.
Dyck, P.J., et al., Blood nerve barrier in rat and cellular mechanisms of lead-induced segmental demyelination. J

Neuropathol Exp Neurol, 1980. 39(6): p. 700-9.

Dabrowska-Bouta, B., et al., Chronic lead intoxication affects the myelin membrane status in the central nervous system
of adult rats. J Mol Neurosci, 1999. 13(1-2): p. 127-39.

Dabrowska-Bouta, B., et al., Myelin glycoproteins targeted by lead in the rodent model of prolonged exposure. Food
Chem Toxicol, 2008. 46(3): p. 961-6.

Coria, F., et al., Axon membrane remodeling in the lead-induced demyelinating neuropathy of the rat. Brain Res, 1984.
291(2): p. 369-72.

Brubaker, C.J., et al., Altered myelination and axonal integrity in adults with childhood lead exposure: a diffusion
tensor imaging study. Neurotoxicology, 2009. 30(6): p. 867-75.

Zou, Y., et al., Protective Effect of Porcine Cerebral Hydrolysate Peptides on Learning and Memory Deficits and
Oxidative Stress in Lead-Exposed Mice. Biol Trace Elem Res, 2015. 168(2): p. 429-40.

Lyngbye, T., et al., Learning disabilities in children: significance of low-level lead-exposure and confounding factors.
Acta Paediatr Scand, 1990. 79(3): p. 352-60.

Han, X.J., et al., Effects of organic selenium on lead-induced impairments of spatial learning and memory as well as
synaptic structural plasticity in rats. Biol Pharm Bull, 2014. 37(3): p. 466-74.

Feldman, R.G. and R.F. White, Lead neurotoxicity and disorders of learning. J Child Neurol, 1992. 7(4): p. 354-9.

IJAPRR International Peer Reviewed Refereed Journal, Vol. IV, Issue X, p.n. 18-40, Oct, 2017 Page 30



44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

UGC JOURNAL NUMBER 44557

Chen, J., et al., Developmental lead acetate exposure induces embryonic toxicity and memory deficit in adult zebrafish.
Neurotoxicol Teratol, 2012. 34(6): p. 581-6.

Yassa, H.A., Autism: a form of lead and mercury toxicity. Environ Toxicol Pharmacol, 2014. 38(3): p. 1016-24.

Mendelsohn, A.L., et al., Low-level lead exposure and cognitive development in early childhood. J Dev Behav Pediatr,
1999. 20(6): p. 425-31.

Kim, K.N., H.J. Kwon, and Y.C. Hong, Low-level lead exposure and autistic behaviors in school-age children.
Neurotoxicology, 2016. 53: p. 193-200.

Cleveland, L.M., et al., Lead hazards for pregnant women and children: part 1: immigrants and the poor shoulder most
of the burden of lead exposure in this country. Part 1 of a two-part article details how exposure happens, whom it affects,
and the harm it can do. Am J Nurs, 2008. 108(10): p. 40-9; quiz 50.

Lanphear, B.P., et al., Low-level environmental lead exposure and children's intellectual function: an international
pooled analysis. Environ Health Perspect, 2005. 113(7): p. 894-9.

Bellinger, D.C., Very low lead exposures and children's neurodevelopment. Curr Opin Pediatr, 2008. 20(2): p. 172-7.

Shih, R.A,, et al., Cumulative lead dose and cognitive function in adults: a review of studies that measured both blood
lead and bone lead. Environ Health Perspect, 2007. 115(3): p. 483-92.

Kosnett, M.J., et al., Recommendations for medical management of adult lead exposure. Environ Health Perspect,
2007. 115(3): p. 463-71.

Rice, D.C., Animal Models of Cognitive Impairment Produced by Developmental Lead Exposure, in Animal Models of
Cognitive Impairment, E.D. Levin and J.J. Buccafusco, Editors. 2006: Boca Raton (FL).

Grant, L.D., Lead and Compounds, in Environmental Toxicants: Human Exposures and Their Health Effects, M.
Lippmann, Editor. 2009, John Wiley & Sons, Inc.: Hoboken, NJ, USA. p. 757-809.

Markowitz, M., Lead poisoning. Pediatr Rev, 2000. 21(10): p. 327-35.

Lidsky, T.l. and J.S. Schneider, Lead neurotoxicity in children: basic mechanisms and clinical correlates. Brain, 2003.
126(Pt 1): p. 5-19.

Gulson, B.L., et al., Mobilization of lead from human bone tissue during pregnancy and lactation--a summary of long-
term research. Sci Total Environ, 2003. 303(1-2): p. 79-104.

Ettinger, A.S., et al., Influence of maternal bone lead burden and calcium intake on levels of lead in breast milk over the
course of lactation. Am J Epidemiol, 2006. 163(1): p. 48-56.

Godwin, H.A., The biological chemistry of lead. Curr Opin Chem Biol, 2001. 5(2): p. 223-7.

Wright, J.P., et al., Association of prenatal and childhood blood lead concentrations with criminal arrests in early
adulthood. PL0oS Med, 2008. 5(5): p. e101.

Needleman, H.L., et al., The long-term effects of exposure to low doses of lead in childhood. An 11-year follow-up
report. N Engl J Med, 1990. 322(2): p. 83-8.

Dietrich, K.N., et al., Early exposure to lead and juvenile delinquency. Neurotoxicol Teratol, 2001. 23(6): p. 511-8.
Cecil, K.M,, et al., Decreased brain volume in adults with childhood lead exposure. PL0oS Med, 2008. 5(5): p. e112.

Burns, J.M., et al.,, Lifetime low-level exposure to environmental lead and children's emotional and behavioral
development at ages 11-13 years. The Port Pirie Cohort Study. Am J Epidemiol, 1999. 149(8): p. 740-9.

Rogan, W.J., et al., The effect of chelation therapy with succimer on neuropsychological development in children
exposed to lead. N Engl J Med, 2001. 344(19): p. 1421-6.

IJAPRR International Peer Reviewed Refereed Journal, Vol. IV, Issue X, p.n. 18-40, Oct, 2017 Page 31



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

UGC JOURNAL NUMBER 44557

Bellinger, D.C., K.M. Stiles, and H.L. Needleman, Low-level lead exposure, intelligence and academic achievement: a
long-term follow-up study. Pediatrics, 1992. 90(6): p. 855-61.

Sciarillo, W.G., G. Alexander, and K.P. Farrell, Lead exposure and child behavior. Am J Public Health, 1992. 82(10):
p. 1356-60.

Ha, M., et al., Low blood levels of lead and mercury and symptoms of attention deficit hyperactivity in children: a report
of the children's health and environment research (CHEER). Neurotoxicology, 2009. 30(1): p. 31-6.

Fergusson, D.M., J.M. Boden, and L.J. Horwood, Dentine lead levels in childhood and criminal behaviour in late
adolescence and early adulthood. J Epidemiol Community Health, 2008. 62(12): p. 1045-50.

Needleman, H.L., et al., Bone lead levels and delinquent behavior. JAMA, 1996. 275(5): p. 363-9.

Nevin, R., Understanding international crime trends: the legacy of preschool lead exposure. Environ Res, 2007. 104(3):
p. 315-36.

Li, W, et al., Lead exposure potentiates predatory attack behavior in the cat. Environ Res, 2003. 92(3): p. 197-206.

Schwartz, J., Low-level lead exposure and children's 1Q: a meta-analysis and search for a threshold.Environ Res, 1994.
65(1): p. 42-55.

Schneider, J.S., F.N. Huang, and M.C. Vemuri, Effects of low-level lead exposure on cell survival and neurite length in
primary mesencephalic cultures. Neurotoxicol Teratol, 2003. 25(5): p. 555-9.

lavicoli, 1., et al., Low doses of dietary lead are associated with a profound reduction in the time to the onset of puberty
in female mice. Reprod Toxicol, 2006. 22(4): p. 586-90.

Bunn, T.L., et al., Exposure to lead during critical windows of embryonic development: differential immunotoxic
outcome based on stage of exposure and gender. Toxicol Sci, 2001. 64(1): p. 57-66.

Lutz, P.M., et al., Elevated immunoglobulin E (IgE) levels in children with exposure to environmental lead. Toxicology,
1999. 134(1): p. 63-78.

Monnet-Tschudi, F., et al., Involvement of environmental mercury and lead in the etiology of neurodegenerative
diseases. Rev Environ Health, 2006. 21(2): p. 105-17.

Garcia-Arenas, G., et al., Lead acetate exposure inhibits nitric oxide synthase activity in capillary and synaptosomal
fractions of mouse brain. Toxicol Sci, 1999. 50(2): p. 244-8.

Songdej, N., et al., A population-based assessment of blood lead levels in relation to inflammation. Environ Res, 2010.
110(3): p. 272-7.

Barkur, R.R. and L.K. Bairy, Assessment of oxidative stress in hippocampus, cerebellum and frontal cortex in rat pups
exposed to lead (Pb) during specific periods of initial brain development. Biol Trace Elem Res, 2015. 164(2): p. 212-8.

Kasten-Jolly, J., Y. Heo, and D.A. Lawrence, Central nervous system cytokine gene expression: modulation by lead. J
Biochem Mol Toxicol, 2011. 25(1): p. 41-54.

Thomas, W.E., Brain macrophages: evaluation of microglia and their functions. Brain Res Brain Res Rev, 1992. 17(1):
p. 61-74.

Streit, W.J., M.B. Graeber, and G.W. Kreutzberg, Functional plasticity of microglia: a review. Glia, 1988. 1(5): p. 301-
7.

Liu, M.C., et al., Involvement of microglia activation in the lead induced long-term potentiation impairment. PLoS One,
2012. 7(8): p. e43924.

Hao, C., et al., Cytokine and cytokine receptor mRNA expression in human glioblastomas: evidence of Thl, Th2 and
Th3 cytokine dysregulation. Acta Neuropathol, 2002. 103(2): p. 171-8.

Badie, B., et al., Dexamethasone-induced abolition of the inflammatory response in an experimental glioma model: a

IJAPRR International Peer Reviewed Refereed Journal, Vol. IV, Issue X, p.n. 18-40, Oct, 2017 Page 32



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

UGC JOURNAL NUMBER 44557

flow cytometry study. J Neurosurg, 2000. 93(4): p. 634-9.

Lucas, S.M., N.J. Rothwell, and R.M. Gibson, The role of inflammation in CNS injury and disease. Br J Pharmacol,
2006. 147 Suppl 1: p. S232-40.

Stoll, G. and S. Jander, The role of microglia and macrophages in the pathophysiology of the CNS. Prog Neurobiol,
1999. 58(3): p. 233-47.

Hickey, W.F., K. Vass, and H. Lassmann, Bone marrow-derived elements in the central nervous system: an
immunohistochemical and ultrastructural survey of rat chimeras. J Neuropathol Exp Neurol, 1992. 51(3): p. 246-56.

Hickey, W.F. and H. Kimura, Perivascular microglial cells of the CNS are bone marrow-derived and present antigen in
vivo. Science, 1988. 239(4837): p. 290-2.

Ling, E.A. and W.C. Wong, The origin and nature of ramified and amoeboid microglia: a historical review and current
concepts. Glia, 1993. 7(1): p. 9-18.

Merrill, J.E. and E.N. Benveniste, Cytokines in inflammatory brain lesions: helpful and harmful. Trends Neurosci,
1996. 19(8): p. 331-8.

Benveniste, E.N., et al., Second messenger systems in the regulation of cytokines and adhesion molecules in the central
nervous system. Brain Behav Immun, 1995. 9(4): p. 304-14.

Streit, W.J., Microglia as neuroprotective, immunocompetent cells of the CNS. Glia, 2002. 40(2): p. 133-9.

Perry, V.H., J.A. Nicoll, and C. Holmes, Microglia in neurodegenerative disease. Nat Rev Neurol, 2010. 6(4): p. 193-
201.

Marin-Teva, J.L., et al., Microglia and neuronal cell death. Neuron Glia Biol, 2011. 7(1): p. 25-40.

Gonzalez-Scarano, F. and G. Baltuch, Microglia as mediators of inflammatory and degenerative diseases. Annu Rev
Neurosci, 1999. 22: p. 219-40.

Aloisi, F., Immune function of microglia. Glia, 2001. 36(2): p. 165-79.

Ghoshal, A., et al., Proinflammatory mediators released by activated microglia induces neuronal death in Japanese
encephalitis. Glia, 2007. 55(5): p. 483-96.

Basu, A., J.K. Krady, and S.W. Levison, Interleukin-1: a master regulator of neuroinflammation. J Neurosci Res, 2004.
78(2): p. 151-6.

Hanisch, U.K., Microglia as a source and target of cytokines. Glia, 2002. 40(2): p. 140-55.

Becher, B., A. Prat, and J.P. Antel, Brain-immune connection: immuno-regulatory properties of CNS-resident cells.
Glia, 2000. 29(4): p. 293-304.

Streit, W.J., M.B. Graeber, and G.W. Kreutzberg, Peripheral nerve lesion produces increased levels of major
histocompatibility complex antigens in the central nervous system. J Neuroimmunol, 1989. 21(2-3): p. 117-23.

Lowe, J., et al., Microglial cells in human brain have phenotypic characteristics related to possible function as dendritic
antigen presenting cells. J Pathol, 1989. 159(2): p. 143-9.

Lenschow, D.J., T.L. Walunas, and J.A. Bluestone, CD28/B7 system of T cell costimulation. Annu Rev Immunol, 1996.
14: p. 233-58.

Frei, K., et al., Antigen presentation and tumor cytotoxicity by interferon-gamma-treated microglial cells. Eur J
Immunol, 1987. 17(9): p. 1271-8.

Kielian, T., Microglia and chemokines in infectious diseases of the nervous system: views and reviews. Front Biosci,
2004. 9: p. 732-50.

Garden, G.A. and T. Moller, Microglia biology in health and disease. J Neuroimmune Pharmacol, 2006. 1(2): p. 127-

IJAPRR International Peer Reviewed Refereed Journal, Vol. IV, Issue X, p.n. 18-40, Oct, 2017 Page 33



110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

UGC JOURNAL NUMBER 44557

37.
Kettenmann, H., et al., Physiology of microglia. Physiol Rev, 2011. 91(2): p. 461-553.

Gehrmann, J., Y. Matsumoto, and G.W. Kreutzberg, Microglia: intrinsic immuneffector cell of the brain. Brain Res
Brain Res Rev, 1995. 20(3): p. 269-87.

Xu, Z., et al., Vascular endothelial growth factor is neuroprotective against ischemic brain injury by inhibiting scavenger
receptor A expression on microglia. J Neurochem, 2017. 142(5): p. 700-709.

Li, X., et al., Neurodegeneration induced by PVC-211 murine leukemia virus is associated with increased levels of
vascular endothelial growth factor and macrophage inflammatory protein 1 alpha and is inhibited by blocking activation
of microglia. J Virol, 2009. 83(10): p. 4912-22.

Couturier, A., et al., Anti-vascular endothelial growth factor acts on retinal microglia/macrophage activation in a rat
model of ocular inflammation. Mol Vis, 2014. 20: p. 908-20.

Banati, R.B., et al., Cytotoxicity of microglia. Glia, 1993. 7(1): p. 111-8.
Adamis, A.P. and R.J. D'Amato, Shedding light on diabetic retinopathy. Ophthalmology, 1995. 102(8): p. 1127-8.

Colton, C.A,, et al., Induction of superoxide anion and nitric oxide production in cultured microglia. Ann N Y Acad Sci,
1994. 738: p. 54-63.

Dumont, M. and M.F. Beal, Neuroprotective strategies involving ROS in Alzheimer disease. Free Radic Biol Med, 2011.
51(5): p. 1014-26.

Block, M.L., L. Zecca, and J.S. Hong, Microglia-mediated neurotoxicity: uncovering the molecular mechanisms. Nat
Rev Neurosci, 2007. 8(1): p. 57-69.

Streit, A., et al., Preventing the loss of competence for neural induction: HGF/SF, L5 and Sox-2. Development, 1997.
124(6): p. 1191-202.

Prewitt, C.M., et al., Activated macrophage/microglial cells can promote the regeneration of sensory axons into the
injured spinal cord. Exp Neurol, 1997. 148(2): p. 433-43.

Berezovskaya, O., D. Maysinger, and S. Fedoroff, The hematopoietic cytokine, colony-stimulating factor 1, is also a
growth factor in the CNS: congenital absence of CSF-1 in mice results in abnormal microglial response and increased
neuron vulnerability to injury. Int J Dev Neurosci, 1995. 13(3-4): p. 285-99.

Batchelor, P.E., et al., Activated macrophages and microglia induce dopaminergic sprouting in the injured striatum and
express brain-derived neurotrophic factor and glial cell line-derived neurotrophic factor. J Neurosci, 1999. 19(5): p.
1708-16.

Herx, L.M., S. Rivest, and V.W. Yong, Central nervous system-initiated inflammation and neurotrophism in trauma: IL-
1 beta is required for the production of ciliary neurotrophic factor. J Immunol, 2000. 165(4): p. 2232-9.

DeKosky, S.T., et al., Interleukin-1 receptor antagonist suppresses neurotrophin response in injured rat brain. Ann
Neurol, 1996. 39(1): p. 123-7.

Bandtlow, C.E., et al., Regional and cellular codistribution of interleukin 1 beta and nerve growth factor mRNA in the
adult rat brain: possible relationship to the regulation of nerve growth factor synthesis. J Cell Biol, 1990. 111(4): p.
1701-11.

Mason, J.L., et al., Interleukin-1beta promotes repair of the CNS. J Neurosci, 2001. 21(18): p. 7046-52.

Pasinetti, G.M., Cyclooxygenase and inflammation in Alzheimer's disease: experimental approaches and clinical
interventions. J Neurosci Res, 1998. 54(1): p. 1-6.

Julien, J.P., Amyotrophic lateral sclerosis. unfolding the toxicity of the misfolded. Cell, 2001. 104(4): p. 581-91.

Stoll, G., et al., Tumor necrosis factor-alpha in immune-mediated demyelination and Wallerian degeneration of the rat

IJAPRR International Peer Reviewed Refereed Journal, Vol. IV, Issue X, p.n. 18-40, Oct, 2017 Page 34



131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

UGC JOURNAL NUMBER 44557

peripheral nervous system. J Neuroimmunol, 1993. 45(1-2): p. 175-82.

Robertson, J., et al., Apoptotic death of neurons exhibiting peripherin aggregates is mediated by the proinflammatory
cytokine tumor necrosis factor-alpha. J Cell Biol, 2001. 155(2): p. 217-26.

Martin-Villalba, A., et al., Therapeutic neutralization of CD95-ligand and TNF attenuates brain damage in stroke. Cell
Death Differ, 2001. 8(7): p. 679-86.

Allan, S.M. and N.J. Rothwell, Cytokines and acute neurodegeneration. Nat Rev Neurosci, 2001. 2(10): p. 734-44.

Benveniste, E.N. and D.J. Benos, TNF-alpha- and IFN-gamma-mediated signal transduction pathways: effects on glial
cell gene expression and function. FASEB J, 1995. 9(15): p. 1577-84.

Morganti-Kossman, M.C., et al., Production of cytokines following brain injury: beneficial and deleterious for the
damaged tissue. Mol Psychiatry, 1997. 2(2): p. 133-6.

Lieberman, A.P., et al., Production of tumor necrosis factor and other cytokines by astrocytes stimulated with
lipopolysaccharide or a neurotropic virus. Proc Natl Acad Sci U S A, 1989. 86(16): p. 6348-52.

Chung, LY. and E.N. Benveniste, Tumor necrosis factor-alpha production by astrocytes. Induction by
lipopolysaccharide, IFN-gamma, and IL-1 beta. J Immunol, 1990. 144(8): p. 2999-3007.

Wang, X., et al., Concomitant cortical expression of TNF-alpha and IL-1 beta mRNAs follows early response gene
expression in transient focal ischemia. Mol Chem Neuropathol, 1994. 23(2-3): p. 103-14.

Venters, H.D., R. Dantzer, and K.W. Kelley, Tumor necrosis factor-alpha induces neuronal death by silencing survival
signals generated by the type I insulin-like growth factor receptor. Ann N'Y Acad Sci, 2000. 917: p. 210-20.

Liu, T., et al., Tumor necrosis factor-alpha expression in ischemic neurons. Stroke, 1994. 25(7): p. 1481-8.

Pan, W. and A.J. Kastin, Increase in TNFalpha transport after SCI is specific for time, region, and type of lesion. Exp
Neurol, 2001. 170(2): p. 357-63.

Goodman, Y. and M.P. Mattson, Ceramide protects hippocampal neurons against excitotoxic and oxidative insults, and
amyloid beta-peptide toxicity. J Neurochem, 1996. 66(2): p. 869-72.

Zhao, X., et al., TNF-alpha stimulates caspase-3 activation and apoptotic cell death in primary septo-hippocampal
cultures. J Neurosci Res, 2001. 64(2): p. 121-31.

Probst-Cousin, S., C.H. Rickert, and F. Gullotta, Factor Xllla-immunoreactivity in tumors of the central nervous
system. Clin Neuropathol, 1998. 17(2): p. 79-84.

Dickson, D.W.,, et al., Microglia and cytokines in neurological disease, with special reference to AIDS and Alzheimer's
disease. Glia, 1993. 7(1): p. 75-83.

Chao, C.C., et al., Interleukin-1 and tumor necrosis factor-alpha synergistically mediate neurotoxicity: involvement of
nitric oxide and of N-methyl-D-aspartate receptors. Brain Behav Immun, 1995. 9(4): p. 355-65.

Liu, J., et al., Hypoxic preconditioning protects cultured neurons against hypoxic stress via TNF-alpha and ceramide.
Am J Physiol Cell Physiol, 2000. 278(1): p. C144-53.

Cheng, Y.J., et al., Regulation of tumor necrosis factor-alpha in glioma cells by lead and lipopolysaccharide:
involvement of common signaling pathway. Toxicol Lett, 2004. 152(2): p. 127-37.

Li, N., et al., Early-life lead exposure affects the activity of TNF-alpha and expression of SNARE complex in
hippocampus of mouse pups. Biol Trace Elem Res, 2009. 132(1-3): p. 227-38.

Kishimoto, T., Interleukin-6 and its receptor in autoimmunity. J Autoimmun, 1992. 5 Suppl A: p. 123-32.
Akira, S., T. Taga, and T. Kishimoto, Interleukin-6 in biology and medicine. Adv Immunol, 1993. 54: p. 1-78.

Gadient, R.A. and U.H. Otten, Interleukin-6 (IL-6)--a molecule with both beneficial and destructive potentials. Prog

IJAPRR International Peer Reviewed Refereed Journal, Vol. IV, Issue X, p.n. 18-40, Oct, 2017 Page 35



153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

UGC JOURNAL NUMBER 44557

Neurobiol, 1997. 52(5): p. 379-90.

Van Wagoner, N.J. and E.N. Benveniste, Interleukin-6 expression and regulation in astrocytes. J Neuroimmunol, 1999.
100(1-2): p. 124-39.

Wilms, H., et al., Activation of microglia by human neuromelanin is NF-kappaB dependent and involves p38 mitogen-
activated protein kinase: implications for Parkinson's disease. FASEB J, 2003. 17(3): p. 500-2.

Meda, L., et al., Proinflammatory profile of cytokine production by human monocytes and murine microglia stimulated
with beta-amyloid[25-35]. J Neuroimmunol, 1999. 93(1-2): p. 45-52.

Paul, R., et al.,, Lack of IL-6 augments inflammatory response but decreases vascular permeability in bacterial
meningitis. Brain, 2003. 126(Pt 8): p. 1873-82.

Li, N., et al., The effects of early life Pb exposure on the expression of IL1-beta, TNF-alpha and Abeta in cerebral cortex
of mouse pups. J Trace Elem Med Biol, 2014. 28(1): p. 100-4.

Sobin, C,, et al., Microglial disruption in young mice with early chronic lead exposure. Toxicol Lett, 2013. 220(1): p. 44-
52.

Taub, D.D. and J.J. Oppenheim, Chemokines, inflammation and the immune system. Ther Immunol, 1994. 1(4): p.
229-46.

Schall, T.J. and K.B. Bacon, Chemokines, leukocyte trafficking, and inflammation. Curr Opin Immunol, 1994. 6(6): p.
865-73.

Leibovich, S.J. and R. Ross, The role of the macrophage in wound repair. A study with hydrocortisone and
antimacrophage serum. Am J Pathol, 1975. 78(1): p. 71-100.

DiPietro, L.A., et al., Modulation of JE/MCP-1 expression in dermal wound repair. Am J Pathol, 1995. 146(4): p. 868-
75.

Barbul, A. and M.C. Regan, Immune involvement in wound healing. Otolaryngol Clin North Am, 1995. 28(5): p. 955-
68.

Landis, D.M., The early reactions of non-neuronal cells to brain injury. Annu Rev Neurosci, 1994. 17: p. 133-51.

Imamoto, K. and C.P. Leblond, Presence of labeled monocytes, macrophages and microglia in a stab wound of the
brain following an injection of bone marrow cells labeled with 3H-uridine into rats. J Comp Neurol, 1977. 174(2): p.
255-79.

Giulian, D., et al., The role of mononuclear phagocytes in wound healing after traumatic injury to adult mammalian
brain. J Neurosci, 1989. 9(12): p. 4416-29.

Weiss, J.M., et al., Astrocyte-derived monocyte-chemoattractant protein-1 directs the transmigration of leukocytes across
a model of the human blood-brain barrier. 3 Immunol, 1998. 161(12): p. 6896-903.

Sethna, M.P. and L.A. Lampson, Immune modulation within the brain: recruitment of inflammatory cells and increased
major histocompatibility antigen expression following intracerebral injection of interferon-gamma. J Neuroimmunol,
1991. 34(2-3): p. 121-32.

Eugenin, E.A. and J.W. Berman, Chemokine-dependent mechanisms of leukocyte trafficking across a model of the
blood-brain barrier. Methods, 2003. 29(4): p. 351-61.

Stamatovic, S.M., et al., Monocyte chemoattractant protein-1 regulation of blood-brain barrier permeability. J Cereb
Blood Flow Metab, 2005. 25(5): p. 593-606.

Song, L. and J.S. Pachter, Monocyte chemoattractant protein-1 alters expression of tight junction-associated proteins in
brain microvascular endothelial cells. Microvasc Res, 2004. 67(1): p. 78-89.

Rollins, B.J., E.D. Morrison, and C.D. Stiles, Cloning and expression of JE, a gene inducible by platelet-derived growth
factor and whose product has cytokine-like properties. Proc Natl Acad Sci U S A, 1988. 85(11): p. 3738-42.

IJAPRR International Peer Reviewed Refereed Journal, Vol. IV, Issue X, p.n. 18-40, Oct, 2017 Page 36



173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

UGC JOURNAL NUMBER 44557

Deshmane, S.L., et al., Monocyte chemoattractant protein-1 (MCP-1): an overview. J Interferon Cytokine Res, 20009.
29(6): p. 313-26.

Kuratsu, J., et al., Quantitative study of monocyte chemoattractant protein-1 (MCP-1) in cerebrospinal fluid and cyst
fluid from patients with malignant glioma. J Natl Cancer Inst, 1993. 85(22): p. 1836-9.

Desbaillets, I., et al., Human astrocytomas and glioblastomas express monocyte chemoattractant protein-1 (MCP-1) in
vivo and in vitro. Int J Cancer, 1994. 58(2): p. 240-7.

Ransohoff, R.M., et al., Astrocyte expression of mRNA encoding cytokines IP-10 and JE/MCP-1 in experimental
autoimmune encephalomyelitis. FASEB J, 1993. 7(6): p. 592-600.

Cartier, L., et al., Chemokine receptors in the central nervous system: role in brain inflammation and neurodegenerative
diseases. Brain Res Brain Res Rev, 2005. 48(1): p. 16-42.

Hayashi, M., et al., Production and function of monocyte chemoattractant protein-1 and other beta-chemokines in
murine glial cells. J Neuroimmunol, 1995. 60(1-2): p. 143-50.

Gourmala, N.G., et al., Differential and time-dependent expression of monocyte chemoattractant protein-1 mRNA by
astrocytes and macrophages in rat brain: effects of ischemia and peripheral lipopolysaccharide administration. J
Neuroimmunol, 1997. 74(1-2): p. 35-44.

Berman, J.W,, et al., Localization of monocyte chemoattractant peptide-1 expression in the central nervous system in
experimental autoimmune encephalomyelitis and trauma in the rat. J Immunol, 1996. 156(8): p. 3017-23.

Pathak, S.K., et al., Toll-like receptor 2 and mitogen- and stress-activated kinase 1 are effectors of Mycobacterium
avium-induced cyclooxygenase-2 expression in macrophages. J Biol Chem, 2004. 279(53): p. 55127-36.

Herschman, H.R., Prostaglandin synthase 2. Biochim Biophys Acta, 1996. 1299(1): p. 125-40.

Minghetti, L. and G. Levi, Microglia as effector cells in brain damage and repair: focus on prostanoids and nitric oxide.
Prog Neurobiol, 1998. 54(1): p. 99-125.

Appleton, 1., A. Tomlinson, and D.A. Willoughby, Induction of cyclo-oxygenase and nitric oxide synthase in
inflammation. Adv Pharmacol, 1996. 35: p. 27-78.

Aloisi, F., et al., IL-12 production by central nervous system microglia is inhibited by astrocytes. J Immunol, 1997.
159(4): p. 1604-12.

Wei, J., et al., Lead induces COX-2 expression in glial cells in a NFAT-dependent, AP-1/NFkappaB-independent
manner. Toxicology, 2014. 325: p. 67-73.

Beauparlant, P. and J. Hiscott, Biological and biochemical inhibitors of the NF-kappa B/Rel proteins and cytokine
synthesis. Cytokine Growth Factor Rev, 1996. 7(2): p. 175-90.

Lawrence, T., The nuclear factor NF-kappaB pathway in inflammation. Cold Spring Harb Perspect Biol, 2009. 1(6): p.
a001651.

Kaushik, D.K., et al., Kruppel-like factor 4, a novel transcription factor regulates microglial activation and subsequent
neuroinflammation. J Neuroinflammation, 2010. 7: p. 68.

Sparacio, S.M., et al., Cytokine regulation of interleukin-6 gene expression in astrocytes involves activation of an NF-
kappa B-like nuclear protein. J Neuroimmunol, 1992. 39(3): p. 231-42.

Tian, B. and A.R. Brasier, Identification of a nuclear factor kappa B-dependent gene network. Recent Prog Horm Res,
2003. 58: p. 95-130.

Brasier, A.R., The NF-kappaB regulatory network. Cardiovasc Toxicol, 2006. 6(2): p. 111-30.

Perkins, N.D., Integrating cell-signalling pathways with NF-kappaB and IKK function. Nat Rev Mol Cell Biol, 2007.
8(1): p. 49-62.

IJAPRR International Peer Reviewed Refereed Journal, Vol. IV, Issue X, p.n. 18-40, Oct, 2017 Page 37



194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

2009.

210.

211

212.

213.

214.

UGC JOURNAL NUMBER 44557

Ghosh, S. and M. Karin, Missing pieces in the NF-kappaB puzzle. Cell, 2002. 109 Suppl: p. S81-96.

Oeckinghaus, A. and S. Ghosh, The NF-kappaB family of transcription factors and its regulation. Cold Spring Harb
Perspect Biol, 2009. 1(4): p. a000034.

Zhong, H., R.E. Voll, and S. Ghosh, Phosphorylation of NF-kappa B p65 by PKA stimulates transcriptional activity by
promoting a novel bivalent interaction with the coactivator CBP/p300. Mol Cell, 1998. 1(5): p. 661-71.

Zhong, H., et al., The transcriptional activity of NF-kappaB is regulated by the lkappaB-associated PKAc subunit
through a cyclic AMP-independent mechanism. Cell, 1997. 89(3): p. 413-24.

Wang, D., et al., Tumor necrosis factor alpha-induced phosphorylation of RelA/p65 on Ser529 is controlled by casein
kinase 11. J Biol Chem, 2000. 275(42): p. 32592-7.

Wang, D. and A.S. Baldwin, Jr., Activation of nuclear factor-kappaB-dependent transcription by tumor necrosis factor-
alpha is mediated through phosphorylation of RelA/p65 on serine 529. J Biol Chem, 1998. 273(45): p. 29411-6.

Sakurai, H., et al., IkappaB kinases phosphorylate NF-kappaB p65 subunit on serine 536 in the transactivation domain.
J Biol Chem, 1999. 274(43): p. 30353-6.

Sizemore, N., et al., Distinct roles of the Ikappa B kinase alpha and beta subunits in liberating nuclear factor kappa B
(NF-kappa B) from Ikappa B and in phosphorylating the p65 subunit of NF-kappa B. J Biol Chem, 2002. 277(6): p.
3863-9.

Madrid, L.V, et al., Akt stimulates the transactivation potential of the RelA/p65 Subunit of NF-kappa B through
utilization of the lkappa B kinase and activation of the mitogen-activated protein kinase p38. J Biol Chem, 2001.
276(22): p. 18934-40.

Waetzig, V., et al., c-Jun N-terminal kinases (JNKs) mediate pro-inflammatory actions of microglia. Glia, 2005. 50(3): p.
235-46.

Lee, Y.B., J.W. Schrader, and S.U. Kim, p38 map kinase regulates TNF-alpha production in human astrocytes and
microglia by multiple mechanisms. Cytokine, 2000. 12(7): p. 874-80.

Kim, E.K. and E.J. Choi, Pathological roles of MAPK signaling pathways in human diseases. Biochim Biophys Acta,
2010. 1802(4): p. 396-405.

Satoh, T., et al., Neuroprotection by MAPK/ERK kinase inhibition with U0126 against oxidative stress in a mouse
neuronal cell line and rat primary cultured cortical neurons. Neurosci Lett, 2000. 283(2): p. 163-6.

Sun, J. and G. Nan, The extracellular signal-regulated kinase 1/2 pathway in neurological diseases: A potential
therapeutic target (Review). Int J Mol Med, 2017. 39(6): p. 1338-1346.

Subramaniam, S. and K. Unsicker, ERK and cell death: ERK1/2 in neuronal death. FEBS J, 2010. 277(1): p. 22-9.

Impey, S., K. Obrietan, and D.R. Storm, Making new connections: role of ERK/MAP kinase signaling in neuronal
plasticity. Neuron, 1999. 23(1): p. 11-4.

Di Cristo, G., et al., Requirement of ERK activation for visual cortical plasticity. Science, 2001. 292(5525): p. 2337-40.

Samuels, I.S., S.C. Saitta, and G.E. Landreth, MAP'ing CNS development and cognition: an ERKsome process.
Neuron, 2009. 61(2): p. 160-7.

Samuels, 1.S., et al., Deletion of ERK2 mitogen-activated protein kinase identifies its key roles in cortical neurogenesis
and cognitive function. J Neurosci, 2008. 28(27): p. 6983-95.

Newbern, J.M., et al., Specific functions for ERK/MAPK signaling during PNS development. Neuron, 2011. 69(1): p.
91-105.

Fyffe-Maricich, S.L., et al., Signaling through ERK1/2 controls myelin thickness during myelin repair in the adult
central nervous system. J Neurosci, 2013. 33(47): p. 18402-8.

IJAPRR International Peer Reviewed Refereed Journal, Vol. IV, Issue X, p.n. 18-40, Oct, 2017 Page 38



215.

216.

217.

218.

219.

220.

221

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

UGC JOURNAL NUMBER 44557

Schafe, G.E., et al., Activation of ERK/MAP kinase in the amygdala is required for memory consolidation of pavlovian
fear conditioning. J Neurosci, 2000. 20(21): p. 8177-87.

Thiels, E., et al., Long-term depression in the adult hippocampus in vivo involves activation of extracellular signal-
regulated kinase and phosphorylation of Elk-1. J Neurosci, 2002. 22(6): p. 2054-62.

Zhao, Y., et al., Interactions between SIRT1 and MAPK/ERK regulate neuronal apoptosis induced by traumatic brain
injury in vitro and in vivo. Exp Neurol, 2012. 237(2): p. 489-98.

Namura, S., et al., Intravenous administration of MEK inhibitor U0126 affords brain protection against forebrain
ischemia and focal cerebral ischemia. Proc Natl Acad Sci U S A, 2001. 98(20): p. 11569-74.

Jiang, Q., et al., Diphosphorylation and involvement of extracellular signal-regulated kinases (ERK1/2) in glutamate-
induced apoptotic-like death in cultured rat cortical neurons. Brain Res, 2000. 857(1-2): p. 71-7.

Waetzig, V. and T. Herdegen, A single c-Jun N-terminal kinase isoform (JNK3-p54) is an effector in both neuronal
differentiation and cell death. J Biol Chem, 2003. 278(1): p. 567-72.

Sury, M.D., et al., Quantitative proteomics reveals dynamic interaction of c-Jun N-terminal kinase (JNK) with RNA
transport granule proteins splicing factor proline- and glutamine-rich (Sfpg) and non-POU domain-containing octamer-
binding protein (Nono) during neuronal differentiation. Mol Cell Proteomics, 2015. 14(1): p. 50-65.

Muthaiah, V.P.K., et al., INK1 and JNK3 play a significant role in both neuronal apoptosis and necrosis. Evaluation
based on in vitro approach using tert-butylhydroperoxide induced oxidative stress in neuro-2A cells and perturbation
through 3-aminobenzamide. Toxicol In Vitro, 2017. 41: p. 168-178.

Ip, Y.T. and R.J. Davis, Signal transduction by the c-Jun N-terminal kinase (JNK)--from inflammation to development.
Curr Opin Cell Biol, 1998. 10(2): p. 205-19.

Li, N., et al., GLP-2 Attenuates LPS-Induced Inflammation in BV-2 Cells by Inhibiting ERK1/2, JNK1/2 and NF-
kappaB Signaling Pathways. Int J Mol Sci, 2016. 17(2): p. 190.

Hidding, U., et al., The c-Jun N-terminal kinases in cerebral microglia: immunological functions in the brain. Biochem
Pharmacol, 2002. 64(5-6): p. 781-8.

Vlahopoulos, S. and V.C. Zoumpourlis, JNK: a key modulator of intracellular signaling. Biochemistry (Mosc), 2004.
69(8): p. 844-54.

Auladell, C., et al., Role of JNK isoforms in the kainic acid experimental model of epilepsy and neurodegeneration.
Front Biosci (Landmark Ed), 2017. 22: p. 795-814.

Sanchez-Tillo, E., et al., INK1 Is required for the induction of Mkpl expression in macrophages during proliferation
and lipopolysaccharide-dependent activation. J Biol Chem, 2007. 282(17): p. 12566-73.

He, W.,, et al., HDAC inhibitors suppress c-Jun/Fra-1-mediated proliferation through transcriptionally downregulating
MKK?7 and Rafl in neuroblastoma cells. Oncotarget, 2016. 7(6): p. 6727-47.

Oltmanns, U., et al., Role of c-jun N-terminal kinase in the induced release of GM-CSF, RANTES and IL-8 from human
airway smooth muscle cells. Br J Pharmacol, 2003. 139(6): p. 1228-34.

Zhang, J., Z. Gao, and J. Ye, Phosphorylation and degradation of S6K1 (p70S6K1) in response to persistent JNK1
Activation. Biochim Biophys Acta, 2013. 1832(12): p. 1980-8.

Le Clorennec, C., et al., The anti-HER3 (ErbB3) therapeutic antibody 9F7-F11 induces HER3 ubiquitination and
degradation in tumors through JNK1/2- dependent ITCH/AIP4 activation. Oncotarget, 2016. 7(24): p. 37013-37029.

Engstrom, A., H. Wang, and Z. Xia, Lead decreases cell survival, proliferation, and neuronal differentiation of primary
cultured adult neural precursor cells through activation of the INK and p38 MAP kinases. Toxicol In Vitro, 2015. 29(5):
p. 1146-55.

Han, J., et al., A MAP kinase targeted by endotoxin and hyperosmolarity in mammalian cells. Science, 1994. 265(5173):

IJAPRR International Peer Reviewed Refereed Journal, Vol. IV, Issue X, p.n. 18-40, Oct, 2017 Page 39



UGC JOURNAL NUMBER 44557

p. 808-11.

235. Manning, B.D. and L.C. Cantley, AKT/PKB signaling: navigating downstream. Cell, 2007. 129(7): p. 1261-74.

236. Carracedo, A. and P.P. Pandolfi, The PTEN-PI3K pathway: of feedbacks and cross-talks. Oncogene, 2008. 27(41): p.
5527-41.

IJAPRR International Peer Reviewed Refereed Journal, Vol. IV, Issue X, p.n. 18-40, Oct, 2017 Page 40



