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Abbreviations MAPK mitogen-activated protein kinase

AD Alzheimer’s disease PI-3 phosphoinositide-3

Ap Abeta PP1 protein phosphatase 1

CAMP 3'-5’ cyclic adenosine monophosphate PP2A protein phosphatase 2A

GABA gamma-aminobutyric acid PP2B protein phosphatase 2B

IP3 inositol 1,4,5-trisphosphate PTEN phosphatase and tensin homologue
13.10.1 Introduction As a result, abnormal phosphorylation of key regulatory

Reversible protein phosphorylation is a ubiquitous and
universal process generally regarded as the major post-
translational modification through which numerous
physiological processes are regulated (Cohen 2002a;
de la Fuente van Bentem ez 4l. 2008). It is a dynamic
process whereby phosphate groups are incorporated
into proteins by protein kinases and removed by pro-
tein phosphatases. Thus, protein phosphorylation is a
reversible process that alters the function and/or
localization of target proteins and in this fashion con-
trols various biological functions. In turn, the protein
kinases and protein phosphatases, which are particu-
larly abundant and diverse in mammalian brain, are
themselves regulated by a myriad of extracellular and
intracellular signals. Many of the complex functions of
the mammalian central nervous system are regulated
by phosphorylation/dephosphorylation of key regula-
tory proteins. Many extracellular messengers exert
their effects in the central nervous system by modulat-
ing the intracellular concentration of specific second
messengers, which in turn lead to the activaton/
inhibition of specific protein kinases and phosphatases.

proteins has been associated with a variety of disease
conditions and dysfunctional states. Defects in protein
phosphorylation mechanisms operating in the mamma-
lian central nervous system may be a common feature
of many neurological and chemical-induced disease
states (Gong and Igbal 2008; Lee and Messing 2008).

13.10.2 Protein Phosphatases

Untl recently the protein kinases were regarded as
the key regulatory component of tripartite protein
phosphorylation systems (a substrate protein, a
phosphorylating  kinase, and a dephosphorylating
phosphatase). However, the exquisite complexity of
diverse metabolic processes regulated by protein
phosphorylation cannot be explained solely by kinase
regulation. Ulumately, the level of phosphorylation of a
particular substrate protein depends on the fine equili-
brium between the relevant kinase and phosphatase
activities. Available data indicate thatitis the interaction
of phosphatase catalytic subunits with regulatory and
targeting subunits that dictate their cellular location

173



174 Organelles and Cells in Neural Tissues

and control catalytic activity and substrate specificity
(Moorhead er al. 2009; Virshup and Shenolikar 2009).
Recent focus on protein phosphatases not only raised
awareness of their importance in neuronal systems, but
also led to the realization that phosphatases are often the
targets of neurotoxins. Several natural toxins and
toxicants of medical and environmental importance
have been identfied as potent and specific inhibitors
of the serine/threonine-specific protein phosphatases
(Nishiwaki- Matsushima eza/. 1992; Suganuma ezal. 1988).

13.10.3 Altered Protein
Phosphorylation and Neurotoxicity

The correlation of specific neurotoxic conditions to
changes in protein phosphorylation is relatively
scarce. Most efforts have been directed toward neuro-
logical disorders such as Alzheimer’s disease (AD), and
little effort has been devoted to the role of protein
phosphorylation in neurotoxicity induced by metals
like aluminum (da Cruz e Silva and O’Callaghan
1997). Abnormal hyperphosphorylation of tau and
other paired helical filament proteins seems to be a
central component of AD pathology and it was sug-
gested that phosphatases may play an overlooked role
(Igbal and Grundke-Igbal 1998). However, the known
sites of action of neurotoxins and neurotoxicants are as
diverse and varied as the cell types and processes that
compose the central nervous system. The central and
fundamental role of protein phosphorylation systems
in neuronal function implies that the action of an
environmental toxicant will likely lead to alterations
in protein phosphorylation (O’Callaghan 1994; da
Cruz e Silva and O’Callaghan 1997). Since many of
the sites of action of neurotoxicants, for example,
neurotransmitter receptors and transporters, are
known substrates for phosphatases, the role of the
latter in neurotoxicity remains largely neglected.
One might assume that a lack of current attention to
potential roles for phosphatases in neurotoxic
responses might speak to the lack of evidence for the
role of these enzymes in any aspect of neural injury.
Such is not the case, however, as there is ample
evidence for the involvement of phosphatases in
neuropathology in both the peripheral and the central
nervous systems. Indeed, phosphatase-related neuro-
pathology 1s known to exist at multple levels. Among
the many lines of evidence supporting this contention
are the (1) effects of loss/mutation of specific phospha-
tases, (2) participation of phosphatases as downstream
effectors in oxidative stress-related neuronal damage,

and (3) disrupted neural physiology and brain function
due to irreversible blockade of dephosphorylation
of specific phosphoprotein substrates. Thus, the muta-
ton of myotubularin-related gene encoding a
phosphatase acting on phosphoinositide-3 (PI-3)
results in a demyelinating peripheral neuropathy
(Previtali er al. 2003). In addition, mutated phosphatase
and tensin homologue (PTEN), another phosphatase
regulating signal transduction through PI-3 kinase,
results in a highly selective lesion of the cerebellum
restricted to the granular layer (Abel er 4/ 2005). In
contrast to these genetic loss-of-function examples,
inhibition of the MAPK phosphatases (primarily
PP2A) acuvity in response to sustained upstream
activation of MAPK during oxidative stress contributes
to neuronal death (Ho ez al. 2008). These findings raise
the possibility that oxidative imbalance and an accu-
mulation of reactive oxygen species can contribute to
neuronal damage via inhibition of phosphatases.
Therefore, inhibition of selected phosphatases, leading
to oxidative stress, may underlie a variety of neurolo-
gical diseases and neurotoxic outcomes where
oxidative stress 1s implicated. Finally, abrogated
phosphatase actions may be involved in conditions
where specific phosphoserines are organophosphory-
lated by a variety of nerve agents, rendering these sites
irreversibly blocked to the normal action of phospha-
tases (O’Callaghan 2003). This may result not only in
acute neurotoxicity and death, but also in more subtle
but prolonged adverse outcomes. For example, low-
level exposure to the nerve agent sarin results in
persistent learning and memory deficits due to
alterations in key signal transduction pathways yet to
be fully elucidated (Henderson ez 2/. 2002). In aggregate
these examples attest to the multiple levels and targets
involved in neurotoxic events leading to adverse
pathological outcomes that have been shown to
involve phosphoprotein phosphatases. Given the
myriad of phosphorylation events that underlie normal
neural physiology, and that can be regulated by
phosphatases as well as kinases, it is a certainty that
phosphatases serve as targets, modulators, and
mediators of diverse neurotoxic events.

One of the most significant advances in the study of
the serine/threonine-specific protein phosphatases
was the discovery that several naturally occurring
toxins (e.g., okadaic acid and microcystin) exert their
effects by specifically inhibiting protein phosphatases
(Bialojan and Takai 1988; MacKintosh er al. 1990).
Although structural studies have revealed the pre-
sence of metal ions in the phosphatase catalytic sites
and indicate that metal ions are required for
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phosphatase activity (Goldberg er al. 1995; Griffith
et al. 1995), relatively few studies have addressed the
effect of metals on protein phosphatases. Here, we will
focus on the neurotoxic actions of aluminum and the
possibility that these can be explained via direct inhi-
bition of a specific type of protein phosphatase that is
particularly enriched in the mammalian brain —
protein phosphatase 1 (PP1). Aluminum exposure can
result in altered protein phosphorylation and is asso-
ciated with many pathological features related to AD.
Many studies have demonstrated the ability of alumi-
num to induce neuronal cytoskeletal abnormalities
consistent with altered neurofilament phosphorylation
(Shea and Fischer 1991), but the molecular mechan-
isms responsible for the observed aluminum-induced
hyperphosphorylation need to be further elucidated.
Nonetheless, it has been suggested that aluminum-
induced inhibition of phosphatase activity may explain
the observed neuropathological effects of the metal
(Shetty er al. 1992). As discussed below, more recent
data indicate that aluminum does indeed inhibit PP1
activity directly and may, therefore, lead to hyper-
phosphorylation of physiological PP1 substrates. Of
course, the exact effects of aluminum depend on the
nature of the aluminum compound, the route and
duration of exposure, and the animal species involved.

13.10.4 Human Intake and
Bioavailability of Aluminum

Aluminum 1is the third most abundant element in
nature, exhibiting high bioavailability even though
there is no known biological process that requires it.
Daily human exposure results mainly from food con-
sumption, with drinking water contributing only
around 3% of total daily aluminum intake. Personal
hygiene products, such as antiperspirants and tooth-
paste, also contain considerable concentrations of
aluminum that consequently can be absorbed
through the skin (Exley 2004). Other potential
sources of human exposure include occupational
(McLachlan 1995) and dental prostheses and vac-
cines where it is used as an adjuvant (Brewer 2006).
Although the absorption rate of aluminum is rela-
tvely low (Moore er al. 2000), human exposure is
virtually unavoidable and occurs during the entire
life span. However, in this context it is interesting to
note that aluminum absorption may increase with
aging. Taylor er al. (1992) reported that young indi-
viduals absorb much less aluminum from an
aluminum citrate drink than older individuals.

Once in the bloodstream, aluminum binds to
plasma proteins (e.g, transferrin and albumin), com-
plexes with citrate (Fatemi er a4/ 1991), and is
distributed throughout the body. Although alumi-
num accumulates mainly in the skeleton, it is also
found in liver, kidney, muscle, and heart (Kerr ez 4.
1992; Walker ez al. 1994). Additionally, it is generally
accepted that the most plausible mode of entry of
aluminum into the brain is through the blood—brain
barrier (Yokel 2002). Aluminum itself affects the
permeability of the blood—brain barrier, enhancing
its lipophilicity and contributing to an increase in
transmembrane diffusion (Meiri ez /. 1993). Once in
the brain, aluminum competes with elements such as
Fe, Ca, or Mg present in various proteins and
enzymes, potentially altering their function.

13.10.5 The Effect of Aluminum in
the Nervous System

The molecular mechanisms underlying aluminum-
dependent neurotoxicity remain unclear, although a
wide range of neuronal effects have been associated
with aluminum exposure. Aluminum affects behavior,
neurotransmission, energy metabolism, and various
signal transduction pathways in a variety of mamma-
lian  species. Aluminum-induced intraneuronal
neurofilamentous aggregates characterized by argento-
philic masses in neuronal perikarya, proximal axonal
enlargements, and proximal dendrites have been
reported (Gotow 2000; Gotow ez a/ 1995; Troncoso
et al. 1986). Those aggregates were suggested to com-
prise abnormally phosphorylated neurofilament
proteins and that their phosphorylation state deter-
mined  neurofilament  structural  organization.
Abnormally phosphorylated tau protein has also been
observed in neurofilament aggregates induced by alu-
minum (Huang ez al. 1997; Singer er al. 1997). Indeed,
the direct injection of aluminum into the central ner-
vous system of rabbits mimics neuropathological and
biochemical abnormalities characteristic of AD and
related human neurodegenerative disorders (Huang
et al. 1997). Intracisternal injection of aluminum was
also reported to produce many of the clinical, histolo-
gical, and ultrastructural alterations associated with
amyotrophic lateral sclerosis, including argentophilic
perikaryal inclusions and neurofibrillary tangle-like
structures (Wakayama ez 4/ 1996). Many human neu-
rodegenerative diseases have been associated with
abnormal phosphorylation of cytoskeletal proteins
and consequent neurofilamentous aggregates. It is
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proposed that the predominance of negative charges in
such hyperphosphorylated proteins would tend to
make such protein aggregates unstable. Thus, a posi-
tvely charged species, such as aluminum, might
promote and stabilize neurofibrillary aggregates, as
observed in AD and in aluminum-induced neurofibril-
lary degeneration (Savory ez al. 2001).

Behavioral abnormalities such as spatial disorienta-
ton, decreased activity, increased emotionality,
cognitive and motor function deficits, and changes in
learning and memory have all been reported in animals
exposed to aluminum (Julka er al 1995; Kaneko er al.
2006; Miu ez al. 2003; Oteiza er al. 1993; Roig et al. 20006).
Aluminum impairment of hippocampal long-term
potentiation, a model for synaptic plasticity underlying
some forms of learning and memory, was reported both
in vivo and in vitro (Platt eral. 1995). More recently it was
suggested that enhancement of inflammation and inter-
ference with cholinergic projections might explain the
learning and memory deficits caused by aluminum
(Platt er 4. 2001). In fact, aluminum also affects other
neurotransmitters, namely glutamatergic, GABAergic,
serotonergic, and dopaminergic systems (El-Rahman
2003; Kumar 2002; Milanese er al. 2001; Nayak and
Chatterjee  2001; Tsunoda and Sharma 1999;
Yang et al. 2003).

A reduction in glucose metabolism was observed in
rat brain following chronic aluminum exposure
(Clauberg er al. 1994), but more recently it was shown
that aluminum enhanced the activity of glucose-
6-phosphate dehydrogenase (Kaur and Gill 2006).
However, aluminum was previously reported to inhibit
the actvities of both hexokinase and glucose-6-
phosphate dehydrogenase (Cho and Joshi 1989; Exley
etal. 1994). In conclusion, aluminum probably interferes
with many biological processes due to its high reactivity.

Among the signal transduction pathways that have
been reported to be disrupted by aluminum are ino-
sitol  1,4,5-trisphosphate ~ (IP3), cAMP-mediated
signaling, and intracellular calcium homeostasis.
Initial observations indicated that aluminum inhibits
receptor-mediated IP; production in neuroblastoma
cells (Shi ez al. 1993). Competitive inhibition of phos-
pholipase C by aluminum was observed in various
brain regions (Nostrandt ez 4l. 1996).

13.10.6 Aluminum Inhibition of PP1

PP1, one of the major types of serine/threonine-
specific  protein  phosphatases, is ubiquitously
distributed and has been implicated in such diverse

biological processes as synaptic plasticity, dopami-
nergic neurotransmission, cell cycle progression,
muscle contraction, and glycogen metabolism
(Bollen 2001; Cohen 2002b; Virshup and Shenolikar
2009). In mammals three genes encode type 1 phos-
phatase catalytic subunits, termed PP1lc, PP13 (also
known as PP16), and PPlv, which share >90%
homology between themselves (da Cruz e Silva
et al. 1995). Neurofilament L (Terry-Lorenzo ez 4i.
2000) and tau protein (Liao ez 2/. 1998) are among the
many proteins known to interact directly with PP1.
Tau probably targets PP1 to microtubules, with PP1
being involved in the maintenance of microtubule
stability. Further, PP1 is also involved in the depho-
sphorylation of tau, although other phosphatases
such as PP2A and PP2B may be more relevant in
this context (Gong er al. 2005). At the protein level
PPla and PP1+v are more highly expressed in brain
than in peripheral tissues, with the highest levels
being observed in the basal ganglia, where both are
particularly enriched in the medium-sized spiny
neurons (da Cruz e Silva ez al. 1995). At the electron
microscopic level, PP1 immunoreactivity is highly
and specifically enriched in dendritic spine heads
and necks (Ouimet ez al. 1995), a strategic location
for regulation of signal transduction cascades.

Our recent work indicates that aluminum expo-
sure results in decreased expression and diminished
activity of PP1 (Amador er al. 2004), a concentration
and time-dependent effect that was consistently
observed in different cell lines. For example, incu-
bation of PC12 cells with 0.5 mmol1~" AICI; for 24 h
yielded an inhibition of PP1 activity of around 25%.
Additionally, experimental ICso values were calcu-
lated using purified recombinant PP1a and PP1vy,
as 0.28 and 0.26 mmol 1™, respectively. Although the
precise molecular link between aluminum neuro-
toxicity and decreased PPl expression/activity
remains to be elucidated, several lines of evidence
provide interesting clues. Chronic aluminum expo-
sure impairs long-term potentiation and depression
in the rat dentate gyrus iz wvive, suggesting that
aluminum affects both presynaptic and postsynaptic
mechanisms of transmission (Chen er al 2002).
Interestingly, PP1 is not only highly enriched in
dendritic spines (Ouimet ef /. 1995) and necessary
for maintaining long-term depression (Morishita
et al. 2001), it was also linked to age-related memory
and learning deficits (Genoux e 4l 2002). Thus,
although more experimentation is required, it is
tempting to hypothesize that the toxic effect of
aluminum may be mediated via its effect on PPI.
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The mechanisms by which aluminum and other
metal neurotoxicants decrease PP1 levels and/or
activity have not been addressed, but warrant
further experimentation.

Aluminum has not only been implicated in several
neurological disorders, but is also known to induce
the hyperphosphorylation of neurofilaments and tau
proteins (Shin er 4l. 1994; Singer er al. 1997), and to
promote the aggregation of hyperphosphorylated tau
(Shin 2001) and Abeta (A() (Ricchelli er 4l 2005).
Aluminum has been a target for research concerning
its role as an environmental risk factor for AD, spe-
cially since high levels of aluminum were found in
AD patient brains (Kruck and McLachlan 1988). A3
1s a 39—43 amino-acid long peptide and the major
component of senile plaques in AD brains. It has been
suggested that aluminum induces not only the aggre-
gation of Af, but also its deposition and toxicity
(Pratico er al. 2002). Interestingly, we have recently
reported that AS directly inhibits PP1 activity
(Vintém er al. 2009). Indeed, AS peptides specifically
inhibit different PP1 isoforms at low micromolar
concentrations. The calculated 1Cs, values for
A(B1-42 inhibition of PP1 were determined as 2.3
and 1.9 umol 1" against recombinant purified PP1a
and PP1vy, respectively. As the aggregation state of
AB is also an important factor for its neurotoxic
effects, we also addressed how A aggregation affects
PP1 activity. Fibril formation of AG1-40 and A51-42
significantly increased their inhibitory potency
against PP1 (up to ninefold higher compared to
their oligomeric counterparts), thus making the
fibrillar forms even more potent PP1 inhibitors
(Vintém er al. 2009). Given the reported stimulation
of A aggregation by aluminum, it is expected that
aluminum might doubly potentiate PP1 inhibition,
thus explaining its neurotoxicant properties. Indeed,
we have recently shown that aluminum also potenti-
ates the PP1 inhibitory potency of A3 (A. P. Vintém
and E. F. da Cruz e Silva, unpublished results).
Although further experimentation is needed to
validate our results in clinically relevant samples,
decreased PP1ar and PP1+1 expression was reported
in samples from AD patients (Mufson ez a/. 2002). The
putative contribution of aluminum to the develop-
ment of AD may be related to physiological
inhibition of PP1 activity, given the ubiquitous
expression and wide variety of physiological roles
of PP1. The potential usefulness of PP1 for diagnos-
tic purposes needs to be investigated, although it may
also prove interesting as a therapeutic target.

13.10.7 Conclusions

It has become increasingly clear that protein phos-
phorylation systems represent potential targets of
broad classes of known and suspect neurotoxicants,
as indicated by abnormal phosphorylation of key
proteins. Inherent to this hypothesis is the widely
accepted view that the specificity of signal transduc-
tion cascades 1s integrated through the overlapping
and coordinated mechanisms controlling kinases and
phosphatases. Surprisingly, to date relatively few
studies have addressed the interaction of metals
with protein kinases and even fewer with the protein
phosphatases. The description of protein phospha-
tase expression in the nervous system has seen
significant progress in recent years and current
work is directed to the identification of their regula-
tory proteins and physiological substrates (Browne
er al. 2007; Wu er al 2007). Many of the pathological
effects of metal neurotoxicity in general, including
aluminum toxicity, may be explained by metal inhi-
bition of specific protein phosphatases. PP1, a highly
abundant phosphatase in dopaminergic neurons of
the basal ganglia (da Cruz e Silva e al 1995
Ouimet er 4l. 1995), is inhibited by aluminum and
may, therefore, mediate some of the neurotoxic
effects of aluminum. By promoting the aggregation
of A, and consequently increasing its PP1 inhibitory
potency, aluminum potentially further enhances the
PP1 inhibitory effects.

PP1 (the ‘forgetfulness protein’) is also highly
expressed in the hippocampus (da Cruz e Silva er al.
1995; Ouimet er al. 1995) and is necessary for main-
taining long-term depression (Morishita ez a/. 2001).
Our recent work indicates that aluminum-induced
neurotoxicity may correlate with the downregulation
of the expression and activity of both PPl and
PP17. The specificity of these effects was suggested
by their reversal following aluminum withdrawal, at
least in cultured cells (Amador ez al. 2004). Since PP1
is a key player in neuronal signal transduction path-
ways, such aluminum-induced alterations may lead
to an imbalance in protein phosphorylation systems
and consequent neurodegeneration. Various inter-
connected hypotheses have been advanced that
underscore different observations as a rationale for
the initiation of aluminum neurotoxicity. Although
the relation between aluminum and the pathogenesis
of neurodegenerative diseases remains controversial,
the available evidence supports the ‘aluminum
hypothesis’ (Gupta er al. 2005; Kawahara 2005).
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Many and varied primary neuronal signaling cas-
cades, in the hippocampus, striatum, and other
brain regions, exert their cellular effects by regula-
tion of PP1 activity. Thus, aluminum neurotoxicity
may be related to the downregulation of PP1 expres-
sion and activity, both directly and via enhanced A3
aggregation and consequent PP1 inhibition, leading
ultimately to abnormal hyperphosphorylation of key
neuronal proteins. The potential role of PP1 as a
mediator of aluminum neurotoxicity and neurode-
generation is a novel hypothesis that also deserves to
be investigated for other metal neurotoxicants.
Indeed, besides manganese, which is a known inhi-
bitor of PP1 acuvity, our recent unpublished work
indicates that purified recombinant PP1 is also inhib-
ited by cobalt, nickel, zinc, and lead. Further work is
required to determine the physiological relevance of
these observations. In conclusion, the study of alumi-
num neurotoxicity remains topical and is of foremost
importance concerning the implications for human
exposure.

Acknowledgments

EFCS was supported by the Portuguese Fundagio
para a Ciéncia e Tecnologia (grants POCTI/CBO/
39799/2001, POCI/SAU-OBS/57394/2004, and Re-
equipment Grant REEQ/1023/BIO/2005) and by
the European Union VI Framework Program (pro-
ject cNEUPRO). JPOC was supported by intramural
research funding from the Centers for Disease
Control and Prevention — NIOSH.

References

Abel, T. W.; Baker, S. J.; Fraser, M. M.; Tihan, T.; Nelson, J. S.;
Yachnis, A. T.; Bouffard, J. -P.; Mena, H.; Burger, P. C.;
Eberhart, C. G. J. Neuropathol. Exp. Neurol. 2005, 64,
341-349.

Amador, F. C.; Henriques, A. G.; da Cruz e Silva, O. A. B.; da
Cruz e Silva, E. F. Neurotoxicol. Teratol. 2004, 26, 387-395.

Bialojan, C.; Takai, A. Biochem. J. 1988, 256, 283-290.

Bollen, M. Trends Biochem. Sci. 2001, 26, 426-431.

Brewer, J. M. Immunol. Lett. 2006, 102, 10-15.

Browne, G. J.; Fardilha, M.; Oxenham, S. K.; Wu, W.;

Helps, N. R.; da Cruz e Silva, O. A. B.; Cohen, P. T. W.; da
Cruz e Silva, E. F. Biochem. J. 2007, 402, 187-196.

Chen, J.; Wang, M.; Ruan, D.; She, J. Neuroscience 2002, 112,
879-887.

Cho, S. W.; Joshi, J. G. J. Neurochem. 1989, 53, 616-621.

Clauberg, M.; Smith, C. B.; Dang, T.; Sokoloff, L.; Joshi, J. G.
Neurobiol. Aging 1994, 15, 657-661.

Cohen, P. Rev. Drug Discov. 2002a, 1, 309-315.

Cohen, P. T. J. Cell Sci. 2002b, 115, 241-256.

da Cruz e Silva, E. F.; Fox, C. A.; Ouimet, C. C.; Gustafson, E.;
Watson, S. J.; Greengard, P. J. Neurosci. 1995, 15,
3375-3389.

da Cruz e Silva, E. F.; O’Callaghan, J. P. In Comprehensive
Toxicology; Sipes, I. G., McQueen, C. A., Gandolfi, A. J.,
Eds.; Elsevier Science Inc.: New York, 1997; Vol. 11,
pp 181-199.

de la Fuente van Bentem, S.; Mentzen, W. |.; de la Fuente, A,;
Hirt, H. Proteomics 2008, 8, 4453-4465.

El-Rahman, S. S. A. Pharmacol. Res. 2003, 47, 189-194.

Exley, C. Am. J. Med. 2004, 117, 969-970.

Exley, C.; Price, N. C.; Birchall, J. D. J. Inorg. Biochem. 1994,
54, 297-304.

Fatemi, S. J. A.; Kadir, F. H. A.; Moore, G. R. Biochem. J. 1991,
280, 527-532.

Genoux, D.; Haditsch, U.; Knobloch, M.; Michalon, A.;

Storm, D.; Mansuy, |. M. Nature 2002, 418, 970-975.

Goldberg, J.; Huang, H. B.; Kwon, Y. G.; Greengard, P.;

Nairn, A. C.; Kuriyan, J. Nature 1995, 376, 745-753.

Gong, C. X.; Igbal, K. Curr. Med. Chem. 2008, 15, 2321-2328.

Gong, C. X,; Liu, F.; Grundke-Igbal, I.; Igbal, K. J. Neural
Transm. 2005, 112, 813-838.

Gotow, T. Med. Electron Microsc. 2000, 33, 173-199.

Gotow, T.; Tanaka, J.; Takeda, M. Neuroscience 1995, 64,
553-569.

Griffith, J. P.; Kim, J. L.; Kim, E. E.; Sintchak, M. D.;

Thomson, J. A,; Fitzgibbon, M. J.; Fleming, M. A;;
Caron, P. R.; Hsiao, K.; Navia, M. A. Cell 1995, 82, 507-522.

Gupta, V. B.; Anitha, S.; Hegde, M. L.; Zecca, L.; Garruto, R. M.;
Ravid, R.; Shankar, S. K.; Stein, R.; Shanmugavelu, P.;
Jagannatha Rao, K. S. Life Sci. 2005, 62, 143-158.

Henderson, R. F.; Barr, E. B.; Blackwell, W. B.; Clark, C. R.;
Conn, C. A.; Kalra, R.; March, T. H.; Sopori, M. L.;
Tesfaigzi, Y.; Menache, M. G., et al. Toxicol. Appl.
Pharmacol. 2002, 184, 67-76.

Ho, Y.; Samarasinghe, R.; Knoch, M.; Lewis, M.; Aizenman, E.;
DeFranco, D. B. Mol. Pharmacol. 2008, 74, 1141-1151.

Huang, Y.; Herman, M. M.; Liu, J.; Katsetos, C. D.; Wills, M. R;
Savory, J. Brain Res. 1997, 771, 213-220.

Igbal, K.; Grundke-Igbal, I. Drug News Perspect. 1998, 11,
10-14.

Julka, D.; Sandhir, R.; Gill, K. D. J. Neurochem. 1995, 65,
2157-2164.

Kaneko, N.; Takada, J.; Yasui, H.; Sakurai, H. Biometals 2006,
19, 83-89.

Kaur, A.; Gill, K. D. Toxicol. Ind. Health 2006, 22, 39-46.

Kawahara, M. J. Alzheimers Dis. 2005, 8, 171-182.

Kerr, D. N.; Ward, M. K.; Ellis, H. A.; Simpson, W.;

Parkinson, I. S. Ciba Found. Symp. 1992, 169, 123-135.

Kruck, T. P.; McLachlan, D. R. In Metal lons in Biological
Systems; Siegel, H., Siegel, A., Eds.; Marcel Dekker: New
York, 1988; Vol. 24, pp 285-314.

Kumar, S. Food Chem. Toxicol. 2002, 40, 1875-1880.

Lee, A. M.; Messing, R. O. Ann. N. Y. Acad. Sci. 2008, 1141,
22-57.

Liao, H.; Li, Y.; Brautigan, D. L.; Gundersen, G. G. J. Biol. Chem.
1998, 273, 21901-21908.

MacKintosh, C.; Beattie, K. A.; Klumpp, S.; Cohen, P.;

Codd, G. A. FEBS Lett. 1990, 264, 187-192.

McLachlan, D. R. Environmetrics 1995, 6, 233-275.

Meiri, H.; Banin, E.; Roll, M.; Rousseau, A. Prog. Neurobiol.
1993, 40, 89-121.

Milanese, M.; Lkhayat, M. |.; Zatta, P. J. Trace Elem. Med. Biol.
2001, 15, 139-141.

Miu, A. C.; Andreescu, C. E.; Vasiu, R.; Olteanu, A. |. Intern. J.
Neurosci. 2003, 113, 1197-1211.

Moore, P. B.; Day, J. P.; Taylor, G. A.; Ferrier, I. N.; Fifield, L. K.;
Edwardson, J. A. Dement. Geriatr. Cogn. Disord. 2000, 11,
66-69.



Protein Phosphatase 1 as a Potential Mediator of Aluminum Neurotoxicity 179

Moorhead, G. B.; De Wever, V.; Templeton, G.; Kerk, D.
Biochem. J. 2009, 417, 401-409.

Morishita, W.; Connor, J. H.; Xia, H.; Quinlan, E. M.;
Shenolikar, S.; Malenka, R. C. Neuron 2001, 32, 1133-1148.

Mufson, E. J.; Counts, S. E.; Ginsberg, S. D. Neurochem. Res.
2002, 27, 1035-1048.

Nayak, P.; Chatterjee, A. K. Food Chem. Toxicol. 2001, 39,
1285-1289.

Nishiwaki-Matsushima, R.; Nishiwaki, S.; Ohta, T.;

Yoshizawa, S.; Duganuma, M.; Harada, K.; Watanabe, M. F.;
Fujiki, H. Jpn. J. Cancer Res. 1992, 82, 993-996.

Nostrandt, A. C.; Shafer, T. J.; Mundy, W. R.; Padilla, S. Toxicol.
Appl. Pharmacol. 1996, 136, 118-125.

O’Callaghan, J. P. Neurotoxicology 1994, 15, 29-40.

O’Callaghan, J. P. Nat. Genet. 2003, 33, 437-438.

Oteiza, P. I.; Keen, C. L.; Han, B.; Golub, M. S. Metabolism
1993, 42, 1296-1300.

Ouimet, C. C.; da Cruz e Silva, E. F.; Greengard, P. Proc. Natl.
Acad. Sci. USA 1995, 92, 3396-3400.

Platt, B.; Carpenter, D. O.; Busselberg, D.; Reymann, K. G.;
Riedel, G. Exp. Neurol. 1995, 134, 73-86.

Platt, B.; Fiddler, G.; Riedel, G.; Henderson, Z. Brain Res. Bull.
2001, 55, 257-267.

Pratico, D.; Uryu, K.; Sung, S.; Tang, S.; Trojanowski, J. Q.;
Lee, V. M. Y. FASEB J. 2002, 16, 1138-1140.

Previtali, S. C.; Zerega, B.; Sherman, D. L.; Brophy, P. J.;
Dina, G.; King, R. H. M.; Salih, M. M.; Feltri, L.; Quanttrini, A.;
Ravazzolo, R., et al. Hum. Mol. Genet. 2003, 12, 1713-1723.

Ricchelli, F.; Drago, D.; Filippi, B.; Tognon, G.; Zatta, P. Cell
Mol. Life Sci. 2005, 62, 1724-1733.

Roig, J. L.; Fuentes, S.; Colomina, M. T.; Vicens, P.;

Domingo, J. L. Toxicology 2006, 218, 112-124.

Savory, J.; Ghribi, O.; Forbes, M. S.; Herman, M. M. J. Inorg.
Biochem. 2001, 87, 15-19.

Shea, T. B.; Fischer, |. Neurosci. Res. Commun. 1991, 9, 21-26.

Shetty, K. T.; Veeranna; Guru, S. C.Neurosci. Lett. 1992, 137, 83-86.

Shi, B.; Chou, K.; Haug, A. Mol. Cell Biochem. 1993, 121,
109-118.

Shin, R. W. In Aluminum and Alzheimer’s Disease: The Science
that Describes the Link; Exley, C., Ed.; Elsevier Science Inc.:
New York, 2001; pp 411-420.

Shin, R. W.; Lee, V. M. Y.; Trojanowski, J. Q. J. Neurosci. 1994,
14, 7221-7233.

Singer, S. M.; Chambers, C. B.; Newfry, G. A.; Norlund, M. A.;
Muma, N. A. Neurotoxicology 1997, 18, 63-76.

Suganuma, M.; Fuijiki, H.; Suguri, H.; Yoshizawa, S.; Hirota, M.;
Nakayasu, M.; Ojika, M.; Wakamatsu, K.; Yamada, K.;

Sugimura, T. Proc. Natl. Acad. Sci. USA 1988, 85, 1768-1771.

Taylor, G. A.; Ferrier, I. N.; McLoughlin, I. J.; Fairbairn, A. F.;
MckKeith, I. G.; Lett, D.; Edwardson, J. A. Age Ageing 1992,
21, 81-90.

Terry-Lorenzo, R. T.; Inoue, M.; Connor, J. H.; Haystead, T. A. J.;
Armbruster, B. N.; Gupta, R. P.; Oliver, C. J.; Shenolikar, S. J.
Biol. Chem. 2000, 275, 2439-2446.

Troncoso, J. C.; Sternberger, N. H.; Sternberger, L. A.;
Hoffman, P. N.; Price, D. L. Brain Res. 1986, 364, 295-300.

Tsunoda, M.; Sharma, R. P. J. Trace Elem. Med. Biol. 1999, 13,
224-231.

Vintém, A. P. B.; Henriques, A. G.; da Cruz e Silva, O. A. B.; da
Cruz e Silva, E. F. Neurotoxicol. Teratol. 2009, 31, 85-88.

Virshup, D. M.; Shenolikar, S. Mol. Cell 2009, 33, 537-545.

Wakayama, |.; Nerurkar, V. R.; Strong, M. J.; Garruto, R. M. Acta
Neuropathol. 1996, 92, 545-554.

Walker, V. R.; Sutton, R. A.; Meirav, O.; Sossi, V.; Johnson, R.;
Klein, J.; Fink, D.; Middleton, R. Clin. Invest. Med. 1994, 17,
420-425.

Wu, W.; Baxter, J. E.; Wattam, S. L.; Hayward, D. G.;

Fardilha, M.; Knebel, A.; Ford, E. M.; da Cruz e Silva, E. F.;
Fry, A. M. J. Biol. Chem. 2007, 282, 26431-26440.

Yang, S. J.; Huh, J. W,; Lee, J. E.; Choi, S. Y.; Kim, T. U;;
Cho, S. W. Cell Mol. Life Sci. 2003, 60, 2538-2546.

Yokel, R. A. Environm. Health Perspect. 2002, 110, 699-704.



	Front Matter
	Contents of All Volumes
	Volume 1. General Principles
	Volume 2. Cellular and Molecular Toxicology
	Volume 3. Toxicology Testing and Evaluation
	Volume 4. Biotransformation
	Volume 5. Immune System Toxicology
	Volume 6. Cardiovascular Toxicology
	Volume 7. Renal Toxicology
	Volume 8. Respiratory Toxicology
	Volume 9. Hepatic Toxicology
	Volume 10. Gastrointestinal Toxicology
	Volume 11. Reproductive and Endocrine Toxicology
	Volume 12. Developmental Toxicology
	Volume 13. Nervous System and Behavioural Toxicology
	Nervous System and Behavioral Toxicology: Overview
	13.1 Introduction to the Nervous System and Behavioral Toxicology
	Structure and Function of the Nervous System
	13.2 Fundamentals of the Structure and Function of the Nervous System
	Glossary
	Abbreviations
	13.2.1 Introduction
	13.2.2 Microscopic Anatomy: Cellular Components of Nervous Tissue
	13.2.3 Neurophysiology
	13.2.3.1 The Resting Membrane Potential
	13.2.3.2 The Action Potential
	13.2.3.3 The Receptor and Synaptic Potentials

	13.2.4 Neurochemistry
	13.2.4.1 Neurotransmitters and Their Receptors
	13.2.4.1.1 Acetylcholine
	13.2.4.1.2 Monoamines
	13.2.4.1.3 Glutamate
	13.2.4.1.4 Gamma-Aminobutyric Acid
	13.2.4.1.5 Glycine
	13.2.4.1.6 The Purinergic System
	13.2.4.1.7 Neuropeptides

	13.2.4.2 Neurotransmitter Transporters

	13.2.5 Central Nervous System: Anatomy and Function
	13.2.5.1 Introduction
	13.2.5.2 Blood Supply, Blood-Brain Barrier, and Cerebrospinal Fluid
	13.2.5.3 Gross Anatomy and Function
	13.2.5.3.1 Cerebral Hemispheres: Cerebral Cortex, Basal Ganglia, and Limbic System
	13.2.5.3.2 Diencephalon: Thalamus and Hypothalamus
	13.2.5.3.3 Brain Stem: Midbrain, Medulla, and Pons
	13.2.5.3.4 Cerebellum
	13.2.5.3.5 Spinal Cord


	13.2.6 Peripheral Nervous System: Anatomy and Function
	13.2.6.1 Introduction
	13.2.6.2 Gross Anatomy and Function
	13.2.6.2.1 Spinal Nerves
	13.2.6.2.2 Cranial Nerves
	13.2.6.2.3 Autonomic Nervous System


	13.2.7 Sensory Systems
	13.2.7.1 Vision
	13.2.7.2 Olfaction
	13.2.7.3 Taste
	13.2.7.4 Hearing
	13.2.7.5 Sensation

	13.2.8 Conclusions
	References

	Responses and Defenses of the Nervous System to Xenobiotics
	13.3 Selective Vulnerability in the Nervous System
	Abbreviations
	13.3.1 Introduction
	13.3.2 Developmental Vulnerabilities
	13.3.3 Functional Aspects of the Brain Leading to Increased Susceptibility
	13.3.4 Regional Vulnerabilities
	13.3.5 Conclusion
	References

	13.4 Degenerative and Regenerative Events in the Central and Peripheral Nervous System
	Glossary
	Abbreviations
	13.4.1 Introduction
	13.4.2 Classifying Degenerative Events
	13.4.3 Final Mechanisms of Cell Death
	13.4.3.1 Necrosis
	13.4.3.2 Apoptosis

	13.4.4 Axonal Degeneration
	13.4.5 Common Secondary Processes Involved in Cell Death
	13.4.5.1 Excitotoxicity
	13.4.5.2 Oxidative Injury

	13.4.6 Neuronal and Glial Regeneration
	13.4.7 Axon Regeneration
	Acknowledgements
	References

	13.5 Neurotoxicant-Induced Oxidative Events and Antioxidative Interventions in the Central Nervous System
	Abbreviations
	13.5.1 Introduction
	13.5.2 Neurotoxicant-Induced Oxidative Events in the CNS
	13.5.3 Antioxidative Approaches to Combat Oxidative Stress in the Brain
	13.5.4 Nrf2: A Regulator of Intracellular Redox Status
	13.5.4.1 The Nrf2 Pathway
	13.5.4.2 Nrf2 Activation in vitro in Neurons and Astrocytes
	13.5.4.3 Nrf2 Activation in vivo

	13.5.5 Future Studies
	Acknowledgments
	References
	Relevant Website

	Organelles and Cells in Neural Tissues
	13.6 Cytoskeletal Elements in Neurotoxicity
	Abbreviations
	13.6.1 Introduction
	13.6.2 Major Components of the Cytoskeleton
	13.6.2.1 Microtubules
	13.6.2.1.1 Posttranslational Modifications

	13.6.2.2 Microfilaments
	13.6.2.3 Intermediate Filaments
	13.6.2.4 Microtubule-Associated Proteins
	13.6.2.5 Actin-Associated Proteins

	13.6.3 The Cytoskeleton in Neurite Development
	13.6.4 Interactions and Regulation of the Cytoskeleton
	13.6.5 Toxicant Effects on the Cytoskeleton
	13.6.5.1 Pharmaceuticals
	13.6.5.1.1 Antineoplastic Agents
	13.6.5.1.2 Colchicine
	13.6.5.1.3 Miscellaneous Pharmaceuticals

	13.6.5.2 Pesticides
	13.6.5.3 Industrial Chemicals
	13.6.5.4 Biological Agents
	13.6.5.5 Metals
	13.6.5.5.1 Mercury
	13.6.5.5.2 Aluminum
	13.6.5.5.3 Lead
	13.6.5.5.4 Other Metals
	13.6.5.5.5 Metal Effects on Glial Fibrillary Acidic Protein

	13.6.5.6 Others

	13.6.6 Conclusions
	Acknowledgments
	References

	13.7 Cell Signaling and Neurotoxicity
	Abbreviations
	13.7.1 Introduction
	13.7.2 Signaling at G-Protein-Linked Receptors
	13.7.2.1 The Cyclic AMP/Protein Kinase A Pathway
	13.7.2.2 The Phosphoinositide/Calcium/Protein Kinase C Pathway
	13.7.2.3 Other Lipid Mediators
	13.7.2.4 Nitric Oxide and Cyclic GMP Metabolism

	13.7.3 Effects of Neurotoxicants on Cell Signaling
	13.7.3.1 Lead, Calcium, and PKC
	13.7.3.2 Polychlorinated Biphenyls
	13.7.3.3 Interaction of Ethanol with Phospholipase D

	13.7.4 Conclusions
	References

	13.8 Neurotransmitter Receptors
	Glossary
	Abbreviations
	13.8.1 Introduction
	13.8.1.1 Neurotransmitter Synthesis and Release
	13.8.1.2 Ionotropic Receptors
	13.8.1.3 Metabotropic Receptors

	13.8.2 Acetylcholine Receptors
	13.8.2.1 Nicotinic Acetylcholine Receptors
	13.8.2.2 Muscarinic Acetylcholine Receptors

	13.8.3 Glutamate Receptors
	13.8.3.1 AMPA and Kainite Receptors
	13.8.3.2 NMDA Receptors
	13.8.3.3 Metabotropic Glutamate Receptors

	13.8.4 GABA Receptors
	13.8.5 Glycine Receptors
	13.8.6 Dopamine Receptors
	13.8.7 Serotonin Receptors
	13.8.8 Adrenergic Receptors
	13.8.9 Purine Receptors
	13.8.10 Histamine Receptors
	13.8.11 Peptide Neurotransmitter Receptors
	13.8.12 Concluding Remarks
	References

	13.9 Ion Channels
	Glossary
	Abbreviations
	13.9.1 Introduction
	13.9.2 History of Ion Channel Toxicology
	13.9.3 Voltage- and Ligand-Gated Ion Channels
	13.9.4 Sodium Channels
	13.9.4.1 Neurotoxins Targeting Receptor Site-1 (Pore Blockers)
	13.9.4.1.1 Tetrodotoxin and Saxitoxin
	13.9.4.1.2 µ-Conotoxins

	13.9.4.2 Neurotoxins Targeting Receptor Site-2
	13.9.4.2.1 Batrachotoxin, Grayanotoxin, Veratridine, and Aconitine

	13.9.4.3 Neurotoxins Targeting Receptor Site-3
	13.9.4.3.1 Scorpion alpha-Toxins
	13.9.4.3.2 Sea Anemone Toxins
	13.9.4.3.3 Spider Toxins (D-Atracotoxins)

	13.9.4.4 Neurotoxins Targeting Receptor Site-4
	13.9.4.4.1 The Scorpion beta-Toxins

	13.9.4.5 Neurotoxins Targeting Receptor Site-5
	13.9.4.5.1 Brevetoxins and Ciguatoxins

	13.9.4.6 Neurotoxins Receptor Site-6
	13.9.4.7 Neurotoxins Targeting Receptor Site-7
	13.9.4.7.1 Pyrethroids
	13.9.4.7.2 Mechanism of Vitamin E Alleviation of Pyrethroid Paresthesia


	13.9.5 Potassium Channels
	13.9.5.1 Voltage-Gated Potassium Channels
	13.9.5.2 Inward Rectifier Potassium Channels
	13.9.5.3 Calcium-Activated Potassium Channels
	13.9.5.3.1 BK Channels
	13.9.5.3.2 SK Channels
	13.9.5.3.3 IK Channels

	13.9.5.4 Toxins and Toxicants of Potassium Channels

	13.9.6 Calcium Channels
	13.9.6.1 L-Type Calcium Channels
	13.9.6.2 P/Q-Type Calcium Channels
	13.9.6.3 N-Type Calcium Channels
	13.9.6.4 R-Type Calcium Channels
	13.9.6.5 T-Type Calcium Channels

	13.9.7 Chloride Channels
	13.9.8 Transient Receptor Potential Ion Channels
	13.9.9 Cyclic Nucleotide-Regulated Channels
	13.9.10 Ionotropic Glutamate Receptors
	13.9.11 GABA Receptor Channels
	13.9.11.1 Drugs Modulating GABA_A Receptor Channels
	13.9.11.2 Insecticides
	13.9.11.3 Mercury, Copper, Zinc, and Lanthanides

	13.9.12 Acetylcholine Receptors
	13.9.13 Serotonin Receptors
	13.9.14 Purine Receptors
	13.9.15 Acid-Sensing Ion Channels
	References

	13.10 Protein Phosphatase 1 as a Potential Mediator of Aluminum Neurotoxicity
	Abbreviations
	13.10.1 Introduction
	13.10.2 Protein Phosphatases
	13.10.3 Altered Protein Phosphorylation and Neurotoxicity
	13.10.4 Human Intake and Bioavailability of Aluminum
	13.10.5 The Effect of Aluminum in the Nervous System
	13.10.6 Aluminum Inhibition of PP1
	13.10.7 Conclusions
	Acknowledgments
	References

	13.11 Myelin and Myelination
	Abbreviations
	13.11.1 Myelin
	13.11.1.1 Morphology
	13.11.1.2 Cellular Origin and Development
	13.11.1.3 Composition
	13.11.1.4 Metabolism

	13.11.2 Classifications of Toxic Disorders of Myelin
	13.11.3 Aspects of Vulnerability of Myelin to Toxicants
	13.11.4 Specific Examples of Toxicants That Affect Myelin
	13.11.4.1 Hexachlorophene
	13.11.4.2 Triethyltin
	13.11.4.3 Triethyllead
	13.11.4.4 Lead
	13.11.4.5 Methylmercury
	13.11.4.6 Cuprizone
	13.11.4.7 2',3'-Dideoxycytidine
	13.11.4.8 Tellurium
	13.11.4.9 Vigabatrin
	13.11.4.10 Dithiocarbamates

	13.11.5 Interactions between Myelinating Glial Cells and Axons: Biological Markers?
	13.11.6 Concluding Remarks and Future Directions
	Acknowledgments
	References

	13.12 Glial Cells
	Abbreviations
	13.12.1 Introduction
	13.12.1.1 Astrocytes
	13.12.1.2 Oligodendrocytes
	13.12.1.3 Microglia
	13.12.1.4 Ependymal Cells

	13.12.2 Role of Glia in Development
	13.12.2.1 Role of Glia in Neuronal Differentiation
	13.12.2.2 Role of Glia in Neuronal Migration

	13.12.3 Role of Glia in the Maintenance and Regeneration of Neurons
	13.12.4 Role of Glia in Regulation of the Microenvironment
	13.12.5 Glia as Mediators of Neurotoxicity
	13.12.5.1 Microglia as Mediators of Neurotoxicity
	13.12.5.2 Astrocytes as Mediators of Neurotoxicity
	13.12.5.3 Oligodendrocytes as Mediators of Neurotoxicity

	13.12.6 Conclusions
	Acknowledgments
	References

	Systems and Whole Animal Responses
	13.13 Toxicology of the Neuromuscular Junction
	Abbreviations
	13.13.1 Introduction
	13.13.1.1 Neuromuscular Junction Morphology
	13.13.1.2 Neuromuscular Junction Physiology
	13.13.1.2.1 Quantal Release of ACh
	13.13.1.2.2 Postsynaptic Nicotinic Receptor


	13.13.2 Toxic Agents Affecting Neuromuscular Function by Predominantly Prejunctional Effects
	13.13.2.1 Biological Toxins
	13.13.2.1.1 Botulinum Toxin
	13.13.2.1.2 Tetanus Toxin
	13.13.2.1.3 Snake Venom Toxins
	13.13.2.1.4 alpha-Latrotoxin
	13.13.2.1.5 Miscellaneous Toxins That Block Ion Channels


	References

	13.14 Auditory Toxicology
	Glossary
	Abbreviations
	13.14.1 Background
	13.14.2 Anatomical Basis of Auditory Impairments
	13.14.3 Patterns of Toxic Impairment Identified in the Auditory System
	13.14.4 Outer Hair Cell Impairment: Functional and Structural Markers
	13.14.4.1 In vivo Markers
	13.14.4.2 In vitro Methods

	13.14.5 Inner Hair Cell and Type 1 Spiral Ganglion Cell Toxicity: Markers of Impairment
	13.14.6 Mechanisms of Ototoxicity
	13.14.6.1 Excitotoxicity
	13.14.6.2 Enhanced Intracellular Calcium
	13.14.6.3 Free Radical Injury

	13.14.7 Ototoxic Agents
	13.14.7.1 Chemical Asphyxiants
	13.14.7.2 Organic Solvents
	13.14.7.2.1 Solvents Having a Cochlear Target
	13.14.7.2.2 Solvents Having a Presumed Central Auditory Target

	13.14.7.3 Metals
	13.14.7.3.1 Trialkytins
	13.14.7.3.2 Methylmercury
	13.14.7.3.3 Lead

	13.14.7.4 Aminoglycoside Antibiotics
	13.14.7.5 Loop Diuretics
	13.14.7.6 Cis-Platin and Related Chemotherapeutics
	13.14.7.7 Salicylates
	13.14.7.8 Endocrine Disruptors and Impairment of Cochlear Development

	13.14.8 Conclusions
	References

	13.15 Olfactory System
	Abbreviations
	13.15.1 Introduction
	13.15.2 Normal Structure and Function
	13.15.2.1 Anatomy and Physiology
	13.15.2.2 Airflow
	13.15.2.3 Blood Flow
	13.15.2.4 Odorant Detection
	13.15.2.5 Metabolism

	13.15.3 Olfactory System Toxicology
	13.15.4 Assessment of Olfactory System Function
	13.15.4.1 Imaging Techniques
	13.15.4.2 Behavioral Testing Methods
	13.15.4.3 Neurophysiological Techniques
	13.15.4.4 Histopathology

	13.15.5 Olfactory Toxicants
	13.15.5.1 Pesticides
	13.15.5.2 Environmental Atmospheres
	13.15.5.3 Metals
	13.15.5.4 Hydrogen Sulfide
	13.15.5.5 Toxic Black Mold

	13.15.6 Olfactory Transport
	13.15.7 Conclusions
	References

	13.16 The Developing Nervous System
	Abbreviations
	13.16.1 Introduction
	13.16.2 Developmental Periods of Susceptibility
	13.16.3 Anatomical and Physiological Characteristics
	13.16.3.1 Placenta
	13.16.3.2 Blood-Brain Barrier

	13.16.4 Chemical Exposure
	13.16.4.1 Maternal Considerations
	13.16.4.2 Placental Transfer
	13.16.4.2.1 Blood Flow
	13.16.4.2.2 Permeability
	13.16.4.2.3 Biotransformation

	13.16.4.3 Embryo/Fetal Considerations
	13.16.4.3.1 Delivery
	13.16.4.3.2 Biotransformation
	13.16.4.3.3 Elimination


	13.16.5 Nervous System Considerations
	13.16.6 Research Strategies for Developmental Neurotoxicants
	13.16.7 Differential Neurotoxicity during Development: Selected Examples
	13.16.7.1 Methylenedioxymethamphetamine
	13.16.7.2 Retinoids

	13.16.8 Conclusion
	References

	13.17 Neural, Behavioral, and Measurement Considerations in the Detection of Motor Impairment
	Abbreviations
	13.17.1 Introduction
	13.17.2 The Neural Components of Motor Systems
	13.17.2.1 Motor Cortex
	13.17.2.2 Basal Ganglia
	13.17.2.3 Cerebellum
	13.17.2.4 Descending Pathways and Neuromuscular Junction

	13.17.3 Measurement
	13.17.3.1 Physical Measures
	13.17.3.2 Behavioral Measures
	13.17.3.3 Quality of Measurement and Consistency across Applications

	13.17.4 Behavior
	13.17.4.1 Indirect Effects of Reinforcement Contingencies on the Operant
	13.17.4.2 Direct Schedule Effects and Response Synthesis
	13.17.4.3 Acquisition
	13.17.4.4 The Role of Context
	13.17.4.5 Adjustment to Impairment

	13.17.5 Aging
	13.17.6 The Uses and Measurement of Tremor
	13.17.6.1 Quantification of Tremor
	13.17.6.2 Considerations in the Measurement of Tremor
	13.17.6.3 Human Tremor

	13.17.7 Concluding Remarks
	References

	13.18 Somatosensory Neurotoxicity: Agents and Assessment Methodology
	Glossary
	Abbreviations
	13.18.1 Introduction
	13.18.2 Methodological Techniques and Issues
	13.18.2.1 Anatomical Considerations
	13.18.2.2 Clinical Methodology
	13.18.2.3 Psychophysics
	13.18.2.3.1 Psychophysical Methods
	13.18.2.3.2 Behavioral Response Paradigm

	13.18.2.4 Neurophysiological Methods
	13.18.2.5 Methodologies for Assessing Specific Modalities
	13.18.2.5.1 Vibration
	13.18.2.5.2 Temperature
	13.18.2.5.3 Other Modalities
	13.18.2.5.4 Correlation between Symptoms and Assessment Techniques

	13.18.2.6 Techniques for Animal Studies

	13.18.3 Selected Agents
	13.18.3.1 Methylmercury
	13.18.3.2 Triorthocresyl Phosphate
	13.18.3.3 Hexacarbons (n-Hexane and Methyl n-Butyl Ketone)
	13.18.3.4 Acrylamide
	13.18.3.5 Therapeutic Agents

	13.18.4 Conclusions and Recommendations
	References

	13.19 Behavioral Screening for Toxicology
	Abbreviations
	13.19.1 Introduction
	13.19.2 History of Behavioral Screening
	13.19.2.1 Development
	13.19.2.2 Uses
	13.19.2.2.1 Hazard Identification
	13.19.2.2.2 Characterization
	13.19.2.2.3 Behavioral Phenotyping


	13.19.3 Principles of Conducting Behavioral Screening Tests
	13.19.3.1 Experimental Design
	13.19.3.2 Study Conduct
	13.19.3.3 Statistical Analyses
	13.19.3.4 Interpretation

	13.19.4 Challenges
	13.19.4.1 Improvements
	13.19.4.2 Future Needs

	13.19.5 Conclusions
	References

	13.20 Intermittent Schedules of Reinforcement as Toxicological End Points
	Glossary
	Abbreviations
	13.20.1 Introduction
	13.20.1.1 Schedule of Reinforcement
	13.20.1.2 Schedule-Controlled Behavior
	13.20.1.3 Significance of Schedule-Controlled Behavior

	13.20.2 Classification of Schedules of Reinforcement
	13.20.2.1 Simple Schedules of Reinforcement
	13.20.2.1.1 Fixed Interval Schedules
	13.20.2.1.2 Variable Interval Schedules
	13.20.2.1.3 Fixed Ratio Schedules
	13.20.2.1.4 Variable Ratio Schedules

	13.20.2.2 Multiple Schedules of Reinforcement
	13.20.2.3 Concurrent Schedules of Reinforcement
	13.20.2.4 Measures of Schedule-Controlled Behavior

	13.20.3 Use of Schedule-Controlled Behavior for Assessing Changes in Various Behavioral Processes
	13.20.4 Factors That Can Modulate Toxicant Effects on Schedule-Controlled Behavior
	13.20.4.1 Nature of the Reinforcement Schedule
	13.20.4.2 Baseline Rate of Responding
	13.20.4.3 Type of Reinforcer
	13.20.4.4 Type of Response

	13.20.5 Advantages of Schedule-Controlled Behavior as a Baseline for Detecting Behavioral Toxicity
	13.20.5.1 Cross-Species Generality
	13.20.5.2 Extensive Database on Drug Effects
	13.20.5.3 Assessment of Time Course and Reversibility of Toxicant Effects
	13.20.5.4 Behavioral and Chemical Therapeutics
	13.20.5.5 Assessing Behavioral Mechanisms of Toxicity

	13.20.6 Implications of Changes in Schedule-Controlled Operant Behavior
	13.20.6.1 Interpretation of Response Rate Changes
	13.20.6.2 Temporary Changes in Response Rates
	13.20.6.3 Magnitude of Response Rate Changes and Adversity
	13.20.6.4 Neurotoxicity and Systemic Toxicity

	References

	13.21 Cognitive Function
	Abbreviations
	13.21.1 Introduction
	13.21.2 Definitions
	13.21.2.1 Principles of Behavioral Analysis
	13.21.2.2 Learning, Memory, and Attention

	13.21.3 Examples of Chemical-Induced Cognitive Dysfunction
	13.21.3.1 Nonassociative Learning
	13.21.3.2 Associative Conditioning
	13.21.3.2.1 Classical Conditioning
	13.21.3.2.2 Instrumental Conditioning


	13.21.4 Issues in the Interpretation of Results
	13.21.4.1 Nonassociative versus Associative Factors
	13.21.4.2 Examples of Problems of Interpretation
	13.21.4.2.1 Enhanced Reactivity
	13.21.4.2.2 Alterations in Sensory Function
	13.21.4.2.3 Response Capability
	13.21.4.2.4 Response Bias
	13.21.4.2.5 Task Specificity


	13.21.5 Conclusions
	References

	13.22 Human Nervous System and Behavioral Toxicology
	Abbreviations
	13.22.1 Introduction to Test Methodology
	13.22.2 Neuropsychological Methods and Brain Injury
	13.22.2.1 Defining Abnormality of Cognition

	13.22.3 Review of Tests
	13.22.3.1 Overall Verbal Ability
	13.22.3.2 Visuospatial Ability
	13.22.3.3 Concentration/Attention
	13.22.3.4 Motor Skills
	13.22.3.5 Visuomotor Coordination
	13.23.3.6 Memory
	13.22.3.7 Sensory Function
	13.22.3.8 Affect and Personality

	13.22.4 Summary and Critique of Test Methods
	13.23.5 Cognitive Effects of Selected Neurotoxicants
	13.22.5.1 Pesticides
	13.22.5.2 Human Neurobehavioral Studies of Lead
	13.22.5.3 Behavioral Studies of Organic Solvents

	13.22.6 Exposure Assessment in the Neurobehavioral Literature
	13.22.7 Conclusions
	Acknowledgment
	References

	Use of in vivo and in vitro Systems in Neurological Systems
	13.23 in vivo Systems: Animal Models of Neurodegeneration
	Abbreviations
	13.23.1 Introduction
	13.23.2 Neurotoxicants and Neurological Diseases
	13.23.3 Animal Models
	13.23.3.1 Need for Animal Models
	13.23.3.2 Drug Exposures during Development
	13.23.3.2.1 Ketamine
	13.23.3.2.2 Cocaine
	13.23.3.2.3 Remacemide

	13.23.3.3 Toxicant Exposures in Adults
	13.23.3.3.1 Parkinson's Disease Model: MPTP
	13.23.3.3.2 Alzheimer's Disease Models


	13.23.4 Conclusions
	References

	13.24 In vitro Systems in Neurotoxicological Studies
	Abbreviations
	13.24.1 Introduction
	13.24.2 Advantages, Disadvantages, and Complementarity between in vitro and in vivo Approaches
	13.24.2.1 Advantages of in vitro Approaches in Neurotoxicology
	13.24.2.2 Disadvantages of in vitro Approaches to Neurotoxicology
	13.24.2.3 In vitro Systems
	13.24.2.3.1 Whole Embryo
	13.24.2.3.2 Organotypic Cultures, Explants, and Brain Slices
	13.24.2.3.3 Dissociated Cell Cultures and Cocultures of Two or More Cell Types
	13.24.2.3.4 Primary Cells
	13.24.2.3.5 Immortal Cell Lines
	13.24.2.3.6 Cell-Free Biochemical and Molecular Studies

	13.24.2.4 Correlating in vitro Toxicity with in vivo Toxicity

	13.24.3 Screening for Neurotoxicity
	13.24.3.1 Screening Methodologies
	13.24.3.1.1 General Cytotoxicity
	13.24.3.1.2 Quantitative High-Throughput Screening Programs
	13.24.3.1.3 ACuteTox Toxicity Screening Program

	13.24.3.2 Genomics, Proteomics, and Cytomics
	13.24.3.2.1 Genomics
	13.24.3.2.2 Proteomics
	13.24.3.2.3 Cytomics

	13.24.3.3 Neuron- and Glia-Specific Toxicity

	13.24.4 Cellular Mechanisms of Neurotoxicity
	13.24.4.1 Acute Neurotoxicity in vitro
	13.24.4.1.1 Electrophysiological Studies
	13.24.4.1.2 Electrical Activity of Cultured Neurons
	13.24.4.1.3 Ion Channels and Synaptic Transmission
	13.24.4.1.4 Long-Term Potentiation and Depression
	13.24.4.1.5 Intracellular Calcium Ion Homeostasis

	13.24.4.2 Semichronic Neurotoxicity in vitro
	13.24.4.2.1 Electrophysiological Studies
	13.24.4.2.2 Developmental and Structural Studies
	13.24.4.2.3 Other Physiological, Biochemical, and Molecular Studies


	References
	Relevant Website

	Selected Neurotoxic Agents - Pesticides
	13.25 Anticholinesterase Insecticides
	Glossary
	Nomenclature
	Abbreviations
	13.25.1 Chemical Classes
	13.25.1.1 Chemical Structures

	13.25.2 Mechanisms of Toxicity
	13.25.2.1 AChE Inhibition
	13.25.2.1.1 OP Inhibition
	13.25.2.1.2 Carbamate Inhibition

	13.25.2.2 Other Mechanisms of Toxicity

	13.25.3 Biotransformation
	13.25.4 Types of Toxicity
	13.25.4.1 Acute Toxicity
	13.25.4.2 Intermediate Syndrome
	13.25.4.3 Organophosphorus Compound-Induced Delayed Neurotoxicity
	13.25.4.4 Other Persistent Neuropathic Effects
	13.25.4.5 Developmental Neurotoxicity

	13.25.5 Biomarkers
	13.25.6 Therapy
	13.25.6.1 OP Esters
	13.25.6.2 Carbamate Esters

	References

	13.26 Organochlorine and Pyrethroid Insecticides
	Abbreviations
	13.26.1 Introduction
	13.26.2 Comparative Toxicity of the Organochlorine and Pyrethroid Insecticides
	13.26.3 Neurotoxicity of the Dichlorodiphenylethane Derivatives
	13.26.3.1 Signs and Symptoms of Poisoning in Insects and Animals
	13.26.3.1.1 Acute Exposure
	13.26.3.1.2 Chronic Exposure

	13.26.3.2 Sites of Action
	13.26.3.3 Mechanisms of Action
	13.26.3.4 Neurotoxicity of DDT and its Analogues to Humans

	13.26.4 Neurotoxicity of Cyclodienes and Lindane
	13.26.4.1 Signs and Symptoms of Poisoning in Insects and Animals
	13.26.4.1.1 Acute Exposure
	13.26.4.1.2 Chronic Exposure

	13.26.4.2 Sites of Action
	13.26.4.3 Mechanisms of Action
	13.26.4.4 Neurotoxicity of Cyclodienes and Lindane to Humans

	13.26.5 Neurotoxicity of Mirex and Chlordecone
	13.26.5.1 Toxicity to Animals
	13.26.5.2 Mechanisms of Action
	13.26.5.3 Toxicity to Humans

	13.26.6 Neurotoxicity of Pyrethrins and Pyrethroid Insecticides
	13.26.6.1 Signs and Symptoms of Poisoning in Animals
	13.26.6.2 Mechanisms of Action
	13.26.6.3 Toxicity to Humans

	References

	Selected Neurotoxic Agents - Others
	13.27 Neuronal Targets of Lead in the Hippocampus: Relationship to Low-Level Lead Intoxication
	Abbreviations
	13.27.1 Introduction
	13.27.1.1 Relationship between Lead Exposure and Neuropathological Syndromes
	13.27.1.2 Relationships between Solute and Tissue Lead Concentrations in vivo and in vitro

	13.27.2 Molecular Targets of Pb^2+ in Neuronal Tissue
	13.27.2.1 NMDA Receptor Function: Potentiation and Inhibition by Pb^2+
	13.27.2.2 Nicotinic Acetylcholine Receptors
	13.27.2.3 5-HT3 Receptor
	13.27.2.4 Metal Ion-Activated Cation Channel
	13.27.2.5 Ca^2+ -Dependent K^+ Channels (K^+ Ca Channels)
	13.27.2.6 Ca^2+ Channels
	13.27.2.7 Second Messengers and Regulatory Proteins

	13.27.3 XXXXXX
	13.27.3.1 Dual Effects of Pb^2+ on Transmitter Release: Stimulation of Spontaneous Release and Inhibition of Evoked Release
	13.27.3.2 Pb^2+ Inhibits Long-Term Potentiation
	13.27.3.3 Effects of Pb^2+ Exposure during Development on Neurogenesis, Postnatal Growth, and Maturation

	13.27.4 Summary and Conclusions
	Acknowledgments
	References

	13.28 Neurotoxicology of Metals
	Abbreviations
	13.28.1 Introduction
	13.28.2 Mercury
	13.28.2.1 Mercury Vapor
	13.28.2.2 Inorganic Mercury Salts
	13.28.2.2.1 Mercurous Salt
	13.28.2.2.2 Mercuric Salt

	13.28.2.3 Arylmercury and Alkoxyalkylmercury
	13.28.2.4 Alkylmercury
	13.28.2.5 Mechanism of Actions for Mercury Neurotoxicity

	13.28.3 Lead
	13.28.3.1 Inorganic Lead
	13.28.3.1.1 Acute Lead Encephalopathy
	13.28.3.1.2 Chronic Lead Intoxication
	13.28.3.1.3 Developmental Lead Neurotoxicity
	13.28.3.1.4 Other Neuropathological Involvements

	13.28.3.2 Mechanistic Considerations for Lead Neurotoxicity

	13.28.4 Arsenic
	13.28.5 Cadmium
	13.28.6 Aluminum
	13.28.7 Manganese
	13.28.7.1 Background on Manganese Neurotoxicity
	13.28.7.2 Neurological Symptoms
	13.28.7.3 Sources of Exposure
	13.28.7.4 Manganese Transport into the Central Nervous System
	13.28.7.5 Neuropathological Characteristics of Manganese Exposure
	13.28.7.6 Mechanisms of Manganese Neurotoxicity
	13.28.7.6.1 Mitochondrial Dysfunction and Disruption of Cellular Energy Metabolism
	13.28.7.6.2 Inflammatory Activation of Glia
	13.28.7.6.3 Disruption of Synaptic Transmission and Glial-Neuronal Communication


	13.28.8 Alkyltins
	13.28.8.1 Triethyltin
	13.28.8.2 Trimethyltin

	References

	13.29 Botanical Neurotoxins
	Abbreviations
	13.29.1 Introduction
	13.29.2 Inadvertent Exposure from Water
	13.29.3 Inadvertent Exposure from Wild Gathering
	13.29.4 Inadvertent Exposure from Agriculture
	13.29.5 Inadvertent Exposure from House Plants
	13.29.6 Uses in Hunting
	13.29.7 Uses in Medicine
	13.29.8 Criminal Uses as Poisons
	13.29.9 Ordeal Poisons
	13.29.10 Love Potions and Romance
	13.29.11 Recreational Uses That Strengthen Community Ties
	13.29.12 Recreational Uses That Weaken Community Ties
	13.29.13 Religious Uses
	13.29.14 Conclusions
	References
	Relevant Websites

	13.30 Excitotoxicity
	Glossary
	Abbreviations
	13.30.1 Introduction
	13.30.2 Molecular Biology of Excitatory Amino Acid Receptors
	13.30.3 Cellular Mechanisms of Excitotoxicity
	13.30.3.1 Calcium
	13.30.3.2 Free Radicals
	13.30.3.3 Nitric Oxide
	13.30.3.4 Spectrum of Excitotoxic Death and Enzymatic Effectors

	13.30.4 Excitotoxic Mechanisms in Acute Neurologic Disease
	13.30.5 Slow Excitotoxic Mechanisms
	13.30.6 Excitotoxicity and Neurodegenerative Diseases
	13.30.7 Inhibiting Glutamate Excitotoxicity
	13.30.7.1 Glutamate Receptor Antagonists
	13.30.7.2 Glutamate Release Blockers
	13.30.7.3 Free Radical Scavengers
	13.30.7.4 Nitric Oxide Synthase Inhibitors

	13.30.8 Secondary Excitotoxicity due to Mitochondrial Toxins
	13.30.8.1 Amino-Oxyacetic Acid
	13.30.8.2 Malonate
	13.30.8.3 3-Nitropropionic Acid

	13.30.9 Future Directions of Excitotoxic Modulation
	13.30.9.1 Sodium-Calcium Exchangers
	13.30.9.2 Hemichannels and Gap Junctions
	13.30.9.3 Acid-Sensing Ion Channels
	13.30.9.4 Transient Receptor Potential Channels
	13.30.9.5 Cross-Talk in Cell Death Mechanisms

	13.30.10 Conclusions
	References

	Emerging Issues in Neurotoxicology
	13.31 Molecular Imaging: The New Frontier in Neurotoxicology
	Nomenclature
	Abbreviations
	13.31.1 Introduction
	13.31.2 Molecular Imaging: What is It?
	13.31.3 PET: A Noninvasive Approach to Study the Effects of Neurotoxicants on Brain Chemistry
	13.31.3.1 Fuse or Multimodality PET

	13.31.4 In vivo PET Imaging of Dopaminergic Synapses: An Important Neuronal Target in Neurotoxicology
	13.31.4.1 PET Studies in a Chronic, Low-Dose MPTP Nonhuman Primate Model of PD
	13.31.4.2 PET Studies in a Chronic Manganese-Exposed Nonhuman Primate Model of Parkinsonism

	13.31.5 PBR/TSPO-PET: In vivo Imaging of Brain Injury and Inflammation
	13.31.6 Imaging Gene Expression Using PET
	13.31.7 Conclusions: What the Future Holds
	Acknowledgments
	References

	Index to Volume 13
	Volume 14. Carcinogenesis
	Cumulative Index
	Contributors to All Volumes



