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The increasing exposure to environmental neurotoxicants in the last decades caused serious health
problems in the world population. Some of the neurotoxic agents are being used in agriculture and
household such as insecticides and rodenticides and others are of natural origin like snake and scorpion
venoms. Additional group of harmful substances is the chemical warfare agents including nerve and
blistering agents that are known for their disastrous effects on neuronal tissues. The present paper
presents a combination of epidemiological/clinical and molecular approaches for investigating the effect
of certain groups of neurotoxicants on a variety of pathologies.
The work of Finkelstein and coworkers describes epidemiological and clinical studies on acute and
chronic organophosphate (OP)-induced neurotoxicity in certain populations in Israel. They mainly
investigated the neurotoxic effects of low-level long-term exposure to OP in agricultural areas but also
dealt with acute exposures as well. A molecular approach to OP mechanism of neuronal injury was
described by Milatovic and coworkers. They demonstrated OP-induced oxidative injury in pyramidal
neurons in the CA1 hippocampal area and its suppression by antioxidants. Lecht and coworkers described
the novel snake venom angioneurins as important mediators of the physiological cross-talk between the
cardiovascular and nervous systems. They also showed that under certain conditions these angioneurins
may induce pathologies such as tumor development or disruption of the vascular barrier function during
envenomation. Additional mechanistic/therapeutic approach was presented by Brodsky, Rosengarten,
Proscura, Shapira and Wormser. They developed a novel anti-inﬂammatory peptide that reduced skin
irritation induced by heat and sulfur mustard (SM) stimuli. Since SM causes neuropsychiatric symptoms
and alterations in neurological functions this peptide may serve as a potential treatment of neuronal
injuries caused by environmental neurotoxicants.
These reviews highlight different aspects of neurotoxicity, addressing epidemiology and mechanisms
of toxicity; and identifying novel potential therapies.
ß 2010 Elsevier Inc. All rights reserved.
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IsIs there a consistent cognitive and neurobehavioral pattern of
toxicity following acute, delayed or chronic exposures to organophosphates?
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Introduction
Interest in the neurotoxic effects of organophosphates (OPs) in
humans began in 1932 when Longe and von Krueger noted the selftoxic effects of the vapors of OP compounds which they just had
synthesized (Besser and Guttman, 1995). Since then, intense
research has being carried out. Most of the studies have dealt with
acute OP neurotoxicity, probably because the potential use of OP
warfare remains a serious concern. Thus, worldwide interest in OP
has been aimed at the acute clinical manifestations following
short-term high-dose exposure.
Most of the research on agricultural OP poisoning, an additional
worldwide problem (World Resources Institute, 1994–1995) has
also been dedicated to the acute clinical picture and to the lifesaving procedures. The more subtle central nervous system (CNS)
effects, ﬁrst and foremost the impairment in higher cognitive
functions, have received less attention (Steenland et al., 1994;
Steenland, 1996).
The ﬁrst study dedicated to the possible linkage between acute
OP poisoning and chronic neurobehavioral changes was carried out
in 1950. In this clinical study, two patient groups (affective bipolar
and schizophrenic patients) and a healthy control group were
injected daily with diisopropylﬂuorophosphate (DFP) for one
week. Depressive mood was observed in the bipolar patients and in
the normal controls, while behavioral deterioration and lengthy
exacerbation of psychosis were observed in the schizophrenic
patients (Rowntree et al., 1950). Similar schizophrenic and
depressive symptomatology was described a decade later in
patients who had been chronically exposed to OP for several years
(Gershon and Shaw, 1961), but a detailed epidemiological study
(Stoller et al., 1965) challenged these earlier observations. Later
studies which employed neurobehavioral test batteries, showed a
sub-clinical decrease in the cognitive performance of individuals
who had previously had a single (Rosenstock et al., 1991) or
repeated episodes (Savage et al., 1988) of acute OP poisoning.
The delayed CNS effects of acute OP poisoning have also been
described scantily.
Neurophysiologic outcomes were detectable months or even
years following recovery from acute OP poisoning (Savage et al.,
1988; Yokoyama et al., 1998).
Recently, a dose–response association was found between lowdose inhalation exposure to the OP warfare agents sarin and
cyclosarin during the 1991 Gulf War and delayed impaired
neurobehavioral functioning as well as subtle CNS pathology as
revealed by a magnetic resonance imaging (MRI) study (Heaton
et al., 2007; Proctor et al., 2006).
The effects of low-level long-term exposures have attracted
more attention, due to the increasing concern on the health
hazards of the widespread use of pesticides in agricultural
communities. However, studies designed to examine the possible
neurobehavioral effects of chronic exposures are relatively sparse.
In most of the studies, there are considerable uncertainties
regarding exposures. Evidently, human exposures include other
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classes of pesticides such as fungicides and fumigants. Furthermore, most of the exposures are to mixtures of chemicals.
Neurobehavioral test batteries showed several effects of chronic
OP exposure in adult working populations: deﬁcits in measures of
motor speed and coordination, sustained attention, and information processing speed (Reidy et al., 1992; Steenland et al., 1994).
Neurobehavioral changes have also been reported in farm workers
in Florida (Kamel et al., 2003): farm work was associated with poor
performance on Digit Span, tapping, and Santa Ana Tests. In cotton
pesticides applicators in Egypt presumed to have heavy exposures,
a broad range of signs was observed: visual motor slowliness,
reduced verbal abstraction, attention deﬁcit and memory impairment (Farahat et al., 2003).
Association of long-term exposure and worse performance in
neuropsychological functions was shown in a cross-sectional
survey of greenhouse workers in high-exposure conditions in
Spain. The study was performed, using a wide array of tasks to test
neuropsychological functioning and emotional status. The variable
‘‘years working with pesticides’’ was found to be a measure of
cumulative exposure for risk of worsened perceptive function
performance, visuomotor praxis and integrative task performance
time with no relation to plasma ChE activity as a measure of recent
exposure (Roldán-Tapia et al., 2005).
However, the studies of subjects with long-term low-level OP
exposures show overall inconsistent ﬁndings, and only few studies
have reported the association between pesticide exposure and
neurological endpoints (Rothlein et al., 2006). Evidently, OP may
produce a spectrum of clinical manifestations in human, ranging
from convulsion and cardiac arrhythmia, coma and death (at the
high-end acute exposures) to sub-clinical neurotoxicity with
implicit cognitive deﬁcits and mild neurobehavioral impairments
(at the low-end chronic exposures). But the clinical and subclinical signs have not painted a comprehensive and consistent
clinical picture, and no well-deﬁned anatomical common denominator has yet been deﬁned. Furthermore, there is no clear
distinction among the different clinical forms of OP poisoning
following different rates and duration of exposures and the clinical
data are sometimes conﬂicting.
Several studies in Israel on acetyl cholinesterase (AChE)
inhibitors (excluding carbamates) have tried to resolve this
conﬂicting evidence and to ﬁnd a common denominator for the
gamut of clinical manifestations. Several approaches have been
undertaken to address this question: (a) quantitative histochemical analysis of AChE activity in fatal cases of acute OP poisoning; (b)
a clinical study on severe acute consecutive cases of OP poisoning;
(c) studies on the neurobehavioral effects of low-level short-term
OP exposure in Israel; (d) an observational clinical study on the
delayed sequelae of acute OP poisoning; (e) epidemiological ﬁeld
studies on the effects of low-level long-term OP exposure in the
1980s; (f) current re-examination of the same cohorts by the same
as well as novel methods.
The principal clinical ﬁndings of all the studies on the
neurobehavioral effects of OP poisonings which have been carried
out in Israel between 1970 and 2010 are summarized herein and
may well provide the Israeli perspective.
(a) Quantitative histochemical analysis of acetyl cholinesterase
(AChE) activity in the human brain in severe acute cases of OP
poisoning
For nearly four decades, OP pesticides have been the most
commonly used pest-control agents in cotton and orchard
cultivation in Israel (Richter et al., 1992a,b; Bar-Ilan et al., 2000;
Bar-Ilan and Malman, 2007). Most reported instances of acute OP
poisoning in Israel have been due to agricultural pesticides
(Finkelstein et al., 1988a,b; Weissmann-Brenner et al., 2002).
Quantitative histochemical analysis of brain AChE activity was
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performed in stained sections of parathion-poisoned brain of a 19year-old woman and compared to an age- and sex-matched control
(Finkelstein et al., 1989). In this study, the pattern of AChE
inhibition in the brain was shown to be regionally selective. The
most signiﬁcant decreases in AChE activity were observed in the
cerebellum, thalamic nuclei and the cerebral cortex – ﬁrst and
foremost in the frontal and temporal lobes. In several cortical gyri
of the frontal lobes, AChE activity was decreased by 56–86% in the
parathion-poisoned case, as compared to the control brain. In
several cortical gyri of the temporal lobes, AChE activity was
decreased by 33–60% in the parathion-poisoned case, as compared
to the control brain. (Finkelstein et al., 1988c). The cholinergic
dysfunction could be well correlated with the histochemical
changes in AChE activity, since cortical AChE may serve as a
reasonably good index of cholinergic activity (Mesulam et al.,
1986).
(b) Clinical studies on severe acute cases of OP poisoning in Israel
Both experimental and clinical data for OP exposure cases
admitted over a ﬁve-year period to the intensive care units in the
Israeli hospitals have been integrated in a study (Finkelstein et al.,
1989), as a basis for a widely accepted standard protocol of
emergency treatment of OP poisonings (Finkelstein, 1992). During
the period of this study, 856 consecutive consultations for patients
exposed to OP pesticides were requested from the Israel National
Poison Control Center which serves all the Israeli population. Fiftythree patients were included in the study. Criteria of inclusion
were severe OP poisoning necessitating artiﬁcial ventilation,
intensive care monitoring and antidotal treatment. Thirty-two
patients (60%) had major CNS involvement, seizures or coma.
Seven patients (13%) died during hospitalization. All the fatalities
in that consecutive series were the result of severe hypoxemic
respiratory failure associated with cardiac arrhythmia, speciﬁcally
polymorphic ventricular tachycardia. The total incidence of the
potentially fatal ventricular arrhythmias did not correlate with the
degree of the CNS involvement or AChE inhibition. However, these
full-blown arrhythmias correlated with the severity of respiratory
failure with consequent myocardial anoxia (Israel National Poison
Control Center, 1987).
The experience accumulated by the pediatric emergency
department and intensive care unit in the main medical center
in the Negev in Southern Israel has been analyzed in several reports
(Leibson and Lifshitz, 2008; Lifshitz et al., 1994, 1999; Sofer et al.,
1989). The analysis of these cases pointed out different clinical
presentations of pediatric toxicity compared to the classic clinical
presentation of OP toxicity in adults. The most common
presentation in these children was obtunded state of consciousness, stupor or coma alongside hypotonic muscle weakness and
dyspnea. Lack of history of exposure and absence of classical signs
do not exclude the possibility of OP poisoning. These factors only
stress the importance of a high index of clinical suspicion required
in the differential diagnosis of acute OP poisoning in children.
(c) Studies on the neurobehavioral effects of low-level short-term
OP exposure in Israel
The consequence of short-term exposures to OP on neurotoxic
outcomes has been previously studied (Richter, 1987, 1993;
Richter et al., 1984, 1986). Major ﬁndings from these studies attest
to OP effects on clinical parameters and neurobehavioral tests,
both in occupational and community sentinel groups in Israel. The
occupational groups studied included aerial spray pilots, groundcrews, and ﬁeld workers – crop inspectors, irrigation workers and
repair mechanics. The studies addressed levels of urinary
metabolites for the detection of low-level exposures, short-term
illness and neuropsychological decrements. Mean peak-season
scores in the OP-exposed workers and residents were slightly

poorer (in all cases <10%) than mean post-season scores for the
following tests of performance: Reaction Time, Santa Ana Test,
Digit Symbol Test, Benton Visual Retention Test, Digit Span (Scaled
Score), Trail Making Tests A and B, and Block Design Test (Number
and Scale Score). Peak-season scores were substantially worse
(>10% difference) for tests of mood state and symptoms, e.g., POMS
fatigue–inertia, anger–hostility and tension–anxiety, as well as
depression. Furthermore symptoms and metabolite levels were
lower in groups with work exposures to ﬁelds with reduced
pesticide applications (Meng et al., 1996).
(d) Observations on the delayed sequelae of acute OP poisoning in
Israel
A psychiatric disorder, manifested as a prominent delayed
effect of severe acute OP poisoning, was evidenced in several
patients examined a multi-hospital study. In this study, 5 out of 53
cases (9.4%) presented severe psychiatric dysfunction after the
resolution of the acute respiratory failure. The clinical presentation
resembled regression psychosis. The psychiatric syndrome resolved in all the patients within 3–5 weeks. The incidence of this
psychiatric syndrome in patients above the age of 15 was 5/31
(16.1%) (Finkelstein et al., 1989).
A preliminary study of the delayed long-term effects of a single
acute OP poisoning on cognitive behavior in seventeen 6–12-yearold Bedouin nomadic children was conducted in the Negev
(Kofman et al., 2006). A neuropsychological assessment was
performed in these children, who had been hospitalized in infancy
following exposure to OP pesticides. The ﬁndings were compared
with ﬁndings in children exposed to other toxicants, and in ageand sex-matched non-exposed children. All the exposed children
attended regular schools, but their cognitive assessment pointed to
impairment in the verbal learning and motor inhibition tasks. In
the verbal learning test, the difference between the exposed
children and controls was found in the rate of learning, but not in
delayed recall and recognition. The increased gain in the
recognition phase in exposed children suggests that they showed
impaired retrieval only in the acquisition phase, but not after the
delay, suggesting that both encoding and consolidation processes
remained intact. Subtle behavioral changes were evident in the
tests which assessed these children’s inhibitory control. They had
greater difﬁculties controlling their motor behavior vs. matched
controls. These ﬁndings suggested that subtle behavioral changes
may occur even if they go undetected in school.
(e) Epidemiological ﬁeld studies on the neurobehavioral effects of
low-level long-term OP exposure in Israel
A higher incidence of neurological symptoms, fatigue, and
psychiatric disturbances was described in the Negev in garden pest
control, orchard and cotton workers with long-term exposure,
although no association was found with ChE activity levels (Ilani
et al., 1988).
Several studies which were carried out in 1977–1987 (Israel
National Poison Control Center, 1987; Richter, 1993) assessed the
neurobehavioral effects of long-term low-level OP exposures in
orchard residents of several kibbutzim in the Hula Valley in
Northern Israel. Three cohorts were examined: agricultural
workers, workers in the kibbutzim but not in agriculture and
residents working elsewhere with no occupational or drift
exposures. These studies demonstrated dose–response gradients
linking symptoms of illness with the measured levels of OP
metabolites in residents and workers. Neurobehavioral tests in
adults showed subtle short-term reversible changes in measures of
mood, mental and motor performance. Short-term memory,
attention and time to reaction performance were more impaired
in agricultural workers than in other residents of the kibbutzim
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(Richter, 1993). Dose–response relationships have been observed
between these effects and the measured levels of OP metabolites in
urine samples of children in the same kibbutzim (Richter et al.,
1992a).
(f) Epidemiological ﬁeld studies on the long-term
neurobehavioral effects of low-level long-term OP
exposure – current re-examination of the 1980s cohorts
We are currently revisiting the same cohorts which were
examined in the 1980s to assess long-term effects of these past and
subsequent exposures to OP pesticides. We recently generated a
unique database of these original cohorts of workers and residents
for future follow-up. Several tests from the WHO Core Test Battery
(Richter, 1987), cognitive tests and a subjective symptoms
questionnaire – POMS (Proﬁle of Mood States) are being employed.
A follow-up over a 20-year period on OP exposures in human
cohorts has yet to be reported. The preliminary observations of the
current cognitive tests in 60 individuals of the revisited cohorts
show mild signs of impairment in the performance of executive
tasks in the sub-group of individuals with high cumulative
occupational exposure. This sub-group performed signiﬁcantly
lower than the sub-group of individuals with no occupational
exposure. The difference was evident ﬁrst and foremost in Trail
Making Tests A and B for screening, attention and graphomotor
ability, and Digit Symbol Test for eye-hand coordination in new
learning processes and picture completion for visual perception of
objects.
Additionally, we collected information on hyperactivity or
attention deﬁcit disorder and unexamined anecdotal reports of
regional associations with OP exposure. Our present preliminary
observations in Hula Valley children are based on the primary
ﬁndings of the review questionnaires: Twenty-four out of the sixty
(40%) respondents in all the original cohorts reported that at least
one of their children had been diagnosed with attention deﬁcit/
hyperactivity disorder (ADD/ADHD). The number of children
diagnosed with ADD/ADHD was 51 out of 204 (25%) children in
these 60 families. A few have suggested (Fogelman et al., 2003;
Kaufmann et al., 2009) that ADD/ADHD affects as many as 5–7% of
the children in Israel, but no relevant data exist in the Israel Central
Bureau of Statistics. ADD/ADHD affects 5–9% of the children in the
USA (Pastor and Reuben, 2008). In a comparison of our preliminary
data to the preexisting data: the difference between these two
proportions is highly signiﬁcant (p < 0.0001).
Discussion
The anatomical selectivity of OP-induced cholinergic effects
which were shown in our studies is compatible with the clinical
correlates of poisoning, involving impairment of emotional
response and decline in higher cortical functions.
Inhibited AChE activity in the frontal lobes is compatible with
the clinical frontal subdominant sign of impaired reading
comprehension (Bowers et al., 1964), the frontal dominant signs
of expressive language defects (Grob and Harvey, 1953; Namba
et al., 1971) with intermittent pauses and perseveration (Bowers
et al., 1964).
These frontal signs are the ﬁrst to appear in acute OP poisoning
(Koeller and Klawans, 1979; Finkelstein, 1989b). The bilateral
frontal signs of psychomotor slowing (Luria, 1970) and reduced
cognitive efﬁciency (Koeller and Klawans, 1979; Richter et al.,
1992a) may appear in both acute and chronic OP poisonings.
The neurobehavioral changes described in acute, delayed and
chronic forms of OP poisoning (Finkelstein et al., 1989; Richter
et al., 1992a; Ilani et al., 1988; Kofman et al., 2006) may reﬂect the
remarkable AChE inhibition observed in the mesial temporal lobe.
Dysfunction of this area plays an important role in acute
confusional states (Mesulam, 1985), mood (Metcalf and Holmes,
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1969) and memory disturbances which are observed in both acute
(Finkelstein et al., 1989) and chronic poisonings (Ilani, 1988;
Kofman et al., 2006). Amnesic word ﬁnding difﬁculty, dominant
temporal lobe impairment (Luria and Karasseva, 1968) is a clinical
correlate of remarkable AChE inhibition in the dominant temporal
lobe (Finkelstein et al., 1988a).
The current preliminary ﬁndings in individuals with low-level
long-term occupational exposure to OP provide support to this
regional effect on the frontal and temporal lobes. Indeed, reduced
performance in Trail Making Test B reﬂects frontal lobe dysfunction (Reitan, 1955), as was corroborated by recent MRI/MRS
correlative studies (Kochunov et al., 2010). The reduced performance of the same individuals in Digit Symbol Test indicates
impairment of a frontal executive function involving the associative pathways among the frontal, posterior parietal and occipital
lobes. Digit symbol is unique, being the only Wechsler subset that
necessitates on-the-spot learning of an unfamiliar task (Gregory,
2007). The efﬁcient performance requires the ability to rapidly
produce distinctive verbal codes to represent each of the symbols
in memory – the learning theory (Estez, 1974). Digit symbol is one
of the sensitive sub-tests to the effects of organic brain impairment
(Donders et al., 2001).
Overall, the prominent cognitive and emotional impairments
are compatible with frontal and temporal lobe dysfunctions which
are manifested more remarkably in the executive functions of the
dominant cerebral hemisphere. The clinical ﬁndings point to
consistent endpoints which may have a common anatomical
denominator in acute high level exposure as well as in chronic lowlevel exposure to OP.
However, OP neurotoxicity is mediated by several mechanisms.
OP-induced impairment of cognitive functions was shown to be
probably caused by subsequent desensitization and internalization
of cholinergic receptors as a reaction of OP-exposed organisms on
hyper-stimulation of cholinergic receptors, especially in parts of
the brain with a high density of cholinergic synapses such as the
hippocampus (McDonald et al., 1988). This means that a decrease
in the number of cholinergic receptors in the hippocampus
following low-level exposure to OP without signiﬁcant AChE
inhibition could cause memory impairments. Although sometimes
insigniﬁcant, some extent of AChE inhibition is caused even by
low-level chronic exposure to OP. The levels of chronic exposures
may vary over time and may be related to the seasons of
agricultural activity. Therefore the receptors may be up- or downregulated.
Complaints of weakness and tingling in hands and feet, together
with minor changes in nerve conduction, suggest a differential
diagnosis: these clinical symptoms and signs may derive from
central nervous system or, alternatively, from peripheral nervous
system (PNS) OP-induced effects. The PNS effect may be exerted
independently from AChE activity; and is probably mediated by a
neurotoxic esterase-type activity depending on which OP is the
substrate.
Prody et al. (1989) reported the ampliﬁcation of the gene coding
for AChE activity in selected Israeli farmers with known heavy
exposures to OP; the clinical implications of this are not clear.
A dose–response association was found between low-dose
exposure to sarin and cyclosarin inhalation during the 1991 Gulf
War and impaired neurobehavioral functioning as well as subtle
CNS pathology as revealed by MRI study (Heaton et al., 2007;
Proctor et al., 2006). It is noteworthy that functional impairments
were detected even in people who initially developed only mild or
no signs of sarin or cyclosarin toxicity.
A signiﬁcant, clinically manifested AChE inhibition in the CNS,
leading to the neuronal degeneration of some brain regions
including the hippocampus is associated with spatial learning and
memory impairments, often sub-clinical. This observation corre-
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sponds with reports on neurological and neurophysiologic outcomes detectable months or even years following recovery from
acute OP poisoning (Savage et al., 1988; Yokoyama et al., 1998).
The delayed effects of acute OP poisoning children (Kofman
et al., 2006) included impairment in the verbal learning and motor
inhibition tasks, with difﬁculties restraining and controlling the
motor behavior. These ﬁndings point to disinhibition and release
phenomena due to frontal lobe dysfunction.
Chronic exposure to OP compounds can also result in speciﬁc
long-term cognitive deﬁcits even when signs and symptoms of
excessive cholinergic activity are not present (Prendergast et al.,
1998). Anticholinesterase compounds may alter behavior functions even after small sub-toxic doses. Results describing the signs
and symptoms in OP-exposed humans unclose some long-term
health effects, including behavioral effects of repeated sub-clinical
exposures to OP compounds (Wesseling et al., 2002). It was shown
that psychological symptoms are probably more common than
usually recognized and may persist in more subtle forms for much
longer than physical symptoms (Sidell and Hurst, 1977). The data
obtained in our studies correspond to the epidemiological studies
elsewhere showing alterations in cognitive functions, impaired
memory, and concentrations in humans after chronic low-dosage
occupational exposure to OP insecticides (Parron et al., 1996;
Stephens et al., 1995).
Based on the clinical observations and the cognitive ﬁndings in
the Hula Valley cohorts as well as the other studies mentioned
above, we suggest the same anatomical common denominator for
acute (mild form), delayed and chronic OP neurotoxicity. The
anatomical selectivity of OP-induced cholinergic effects is compatible with the clinical correlates of poisoning, involving
impairment of emotional response and decline in higher cortical
functions. Although regulatory and compensatory mechanisms
exist, the underlying neuroanatomical deﬁcits seem to be closely
related to the clinical manifestations. If this is indeed the case, the
different symptoms observed after the different types of exposure
to OP could be ﬁrst and foremost a reﬂection of the brain regions
preferentially involved. However, the clinical picture of acute
severe OP poisoning is different. This clinical difference derived
from the predominant anoxia of both brain and myocardium with
the consequent cardiac arrhythmias and diffuse anoxic brain
damage (Finkelstein et al., 1988a).
Our preliminary ﬁnding of high ADD/ADHD prevalence in
children residing in an agricultural region raises concern, as
current theory suggests that a genetic factor is primarily
responsible for the pathogenesis of ADHD (Banaschewski et al.,
2010). There may be environmental-susceptibility interactions
mediating the emergence of ADHD in populations with low-level
endemic exposure to OP. Therefore, the signiﬁcance of this ﬁnding
should be addressed by additional tests, such as paroxonase-1
(PON-1) which might reﬂect the genetic susceptibility of children
to the effects of OP long-term low-level exposures. In fact, not all
OPs are hydrolyzed by PON-1 and furthermore, studies of the
polymorphisms show different activities in different OPs used as
substrate. The importance of the issue is magniﬁed by the lack of
contemporary data and therefore simultaneous measurement of
urinary OP metabolites, characterizing the OP substances to which
the examined individuals are exposed with single-nucleotide
polymorphisms (SNP) in PON-1 is most likely to provide
meaningful data on the relationship between exposures to
different OPs, their metabolism and cognitive/physiological
effects.
A recent study examined the association between urinary
concentrations of six dialkyl phosphate metabolites of OPs and
ADHD in children 8–15 years of age (Bouchard et al., 2010). These
children were representative of the general US population, based
on cross-sectional data from the National Health and Nutrition

Examination Survey (2000–2004). Using a structured interview
with a parent to ascertain ADHD diagnostic status, 119 out of 1139
children met the DSM-IV diagnostic criteria for ADHD (American
Psychiatric Association, 1994). Children with higher urinary dialkyl
phosphate concentrations were more likely to be diagnosed as
having ADHD. There was a 55–72% increase in the odds of ADHD
for a 10-fold increase in dimethyl alkylphosphate (DMAP)
concentration, depending on the criteria used for case identiﬁcation. For the most-commonly detected metabolite, dimethyl
thiophosphate, children with levels higher than the median
detectable concentrations had twice the odds of ADHD, compared
with children with undetectable levels. These ADHD rates in OPexposed children are similar to our preliminary ﬁndings. However,
in this study the urine samples were collected in both agricultural
and non-agricultural populations, and only once. For a comparison,
our ongoing study is exclusively aimed at children in agricultural
areas and the urine samples are being collected at different times,
both in the spraying season and off-season.
The ﬁndings in the study of the Negev children (Kofman et al.,
2006) suggested that subtle behavioral changes may occur, even if
they go undetected in school. The outcomes of Statue test which
was employed in this study were compatible with previous
evidence, relating exposure to methyl parathion to a higher
incidence of parental report impulsivity and conduct disorder
(Ruckart et al., 2004). Impaired motor inhibition (Barkley, 1997) is
one of the hallmarks of attention deﬁcit hyperactivity disorder
(ADHD), and indeed, the Statue test is included in the ‘‘attention’’
battery of the NEPSY (Korkman et al., 2001). These ﬁndings overall,
may signiﬁcantly contribute to the existing knowledge on the
deleterious late cognitive effects of prolonged everyday long-term
low-level exposure to environmental OP pesticides.
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Introduction
Exposure to anticholinesterase agents, organophosphates (OPs)
and carbamates (CMs) in the form of insecticides and chemical
warfare agents affects a sizeable portion of the world’s population.
Presently, more than 100 different OPs are used as insecticides
worldwide (Kwong, 2002). The advantage of the lower environmental stability and faster clearance of OPs compared with
organochlorine pesticides as well as their high effectiveness
against multiple insect species is accompanied by the disadvantage
of high mammalian toxicity (Lotti, 2001). The widespread use and
easy accessibility to these compounds result in a huge number of
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intoxications and several hundred thousand fatalities annually
(Gunnell and Eddleston, 2003).
Pharmacologically, OPs and carbamates are acetylcholinesterase (AChE) inhibitors and their acute symptoms are attributed to
accumulation of acetylcholine (ACh), thus exhibiting the signs of
cholinergic hyperactivity. Depending upon the degree of AChE
inhibition, the severity of poisoning can vary from mild (mild
dyspnea, blurred vision and glandular hypersecretion) to severe
(severe dyspnea, skeletal muscle fasciculations, convulsions and
unconsciousness) cases, and eventually death ensues from
respiratory failure (Goldfrank et al., 1982; Weinbroum, 2004).
However, anticholinesterases have long-term pathophysiological
effects that have yet to be well characterized, making rational
prophylaxis and treatment for these effects problematic. Longterm neurological impairments following anticholinesterase
exposures are also associated with non-cholinergic mechanisms
including oxidative injury and excitotoxicity. Therefore, control of
oxidative stress and excitotoxicity, better understanding of the
mechanisms of non-cholinergic mediated activities and pathways
that protect or promote neuronal survival are essential for
development of efﬁcacious treatments and preventive therapies
associated with OP exposures.
Oxidative stress and neurodegeneration
Results from our study with diisopropylphosphoroﬂuoridate
(DFP), a model compound for OP insecticides or nerve agents
corroborate the ﬁndings, suggesting that the non-cholinergic
system(s) is recruited at an early stage of the OP poisoning
(Lallement et al., 1991; Wade et al., 1987). OP-induced seizures are
thought to result in activation of glutamatergic neurons in the
pyriform cortex (Wade et al., 1987) and cornu ammonis (CA)
region of the hippocampus (Lallement et al., 1991) followed by
activation of N-methyl-D-aspartate (NMDA) receptors in the CA1
region. Furthermore, excessive amounts of glutamate are associated with intense transient inﬂux of Ca2+, leading to mitochondrial
structural and/or functional impairments, activation of the
permeability transition pores in the inner mitochondrial membrane, cytochrome c release, depletion of ATP, stimulation of
enzymes, including proteases, phospholipase A2, and NOS and
simultaneous formation of ROS and oxidative stress (Heinemann
et al., 2002; Cadenas and Davies, 2000; Patel, 2002; Nicholls et al.,
2003; Lafon-Cazal et al., 1993; Farooqui et al., 2001). Oxidative
stress and modulations of Ca2+, glutamate and NMDA receptors
compromise cell viability, ensuing in neurodegeneration. The
result from our study demonstrated that a single injection of DFP
with an acute dose of 1.25 mg/kg, s.c. produced toxic signs in rats,
including salivation, tremors, fasciculations within 15–20 min.
Signs of maximal intensity, such as severe muscle fasciculations,
seizures, and convulsions developed within 30 min and lasted for
about 2–3 h before tapering off. By 24 h, animals were free of toxic
signs. Following DFP exposure, brain AChE activity was reduced to
10.12  1.12%, 10.05  1.96% and 16.51  1.27% compared to control
(569.12  26.80 mol/h/g of tissue) at 30 min, 1 h, 2 h and 6 h,
respectively. However, the result from our study also demonstrated
that DFP-induced reversible oxidative damage to cerebral neuronal
membranes accompanied with depletion of ATP (Zaja-Milatovic et al.,
2009). Oxidative injury was quantiﬁed by measuring isoprostanes
(F2-IsoPs), chemically stable oxidative damage products of arachidonic acid (Morrow et al., 1990; Milatovic and Aschner, 2009) and
neuroprostanes (F4-NeuroPs, oxidative damage to docosahexaenoic
acid – highly concentrated in neuronal membranes) that provide
unique insight into oxidative damage occurring in neurons. Both
biomarkers of oxidative damage showed transient increase that
reached maximum at the time of the most intensive seizure activity
(i.e., 1 h after DFP, 1.25 mg/kg, s.c.) in rat and returned toward basal
levels by 6 h (Fig. 1). Elevated levels of these in vivo markers of

Fig. 1. Cerebral concentrations of F2-IsoPs (a) and F4-NeuroPs (b) following DFP
(1.25 mg/kg, s.c.) exposure in rats. Values represent mean  SEM (n = 4–6). *Oneway ANOVA had p < 0.001 with Bonferroni’s multiple comparison tests showed
signiﬁcant difference (p < 0.05) for vehicle injected control vs. DFP treatment.

oxidative damage are in agreement with our previous ﬁndings from
the models of kainic acid-induced excitotoxicity and activated innate
immunity (Milatovic et al., 2008, 2003) and indicate that DFP
injection leads to profound cerebral and neuronal oxidative damage
in mice.
Next, we investigated morphological correlates of DFP injections, determining the structural integrity of the hippocampal
(CA1) dendritic system, the neuronal compartment most sensitive
to both age-related and disease-related degeneration (Uylings and
de Brabander, 2002). Using Golgi impregnation and Neurolucidaassisted morphometry, our results show that oxidative damage is
accompanied with reduction in both dendrite length and dendritic
spine density in hippocampal CA1 pyramidal neurons 1 h post-DFP
injection (Fig. 2).
An additional goal of this study was to determine whether
suppression of lipid peroxidation prevents neurodegeneration of
pyramidal neurons in the CA1 hippocampal area in the model of
DFP-induced neurotoxicity. Therefore, the efﬁcacy of antioxidants
[vitamin E and synthetic spin trapping agent, N-tert-butyl-aphenylnitrone (PBN)] and the NMDA receptor antagonist, memantine, was evaluated. Antioxidants play an important role in
preventing many human diseases, including but not limited to
cancer, atherosclerosis, stroke, rheumatoid arthritis and neurodegeneration (Fang et al., 2002). Vitamin E is one of the most potent
and important antioxidants, acting as a chain-breaking antioxidant
and radical scavenger, thus protecting cells from peroxidation of
polyunsaturated fatty acids in phospholipids and consequent
membrane degeneration (van Acker et al., 1993). PBN is widely
used to trap ROS in a variety of physical, chemical and biological
conditions. Memantine exerts various pharmacological effects and
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Fig. 2. Morphology and quantitative determination of dendritic length (a) and spine density (b) of hippocampal pyramidal neurons from CA1 sector of rats treated with saline
(control) or DFP (1.25 mg/kg, s.c.) and sacriﬁced 1 h after the treatment. Four to six Golgi-impregnated dorsal hippocampal CA1 neurons were selected and spines counted by
using Neurolucida system. *Signiﬁcant difference between control and DFP-treated rats (p < 0.05). Treatment with DFP induced degeneration of hippocampal dendritic
system, decrease in total length of dendrite and spine density of hippocampal pyramidal neurons. Tracing and counting are done using a Neurolucida system at 100 under oil
immersion (MicroBrightField, VT). Colors indicate degree of dendritic branching (blue = 18, yellow = 28, green = 38, magenta = 48, orange = 58). (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of the article.)
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Fig. 3. Cerebral F4-NeuroPs concentrations (a) and spine density of pyramidal neurons from CA1 hippocampal area (b) of rats following saline (control) or DFP (1.25 mg/kg,
s.c.) exposed rats with or without pretreatment with memantine (MEM, 18 mg/kg, s.c.), N-tert-butyl-a-phenylnitrone (PBN, 200 mg/kg, i.p.) or vitamin E (Vit E, 100 mg/kg,
i.p./day for 3 days). Brains from rats exposed to DFP were collected 1 h post injections. Values of F4-NeuroPs and spine density represent mean  SEM (n = 4–6 animals and
more than 12 neurons). *One-way ANOVA had p < 0.001 with Bonferroni’s multiple comparison tests signiﬁcant (p < 0.05) for DFP vs. control, Mem + DFP, PBN + DFP or Vit E + DFP
treatment.

is clinically used for the treatment of Alzheimer’s disease,
Parkinson’s disease and spasticity (Ozsuer et al., 2005; Lipton,
2005). Results of our study conﬁrmed the protective effects of
these antioxidants and memantine, and showed that all agents
fully suppressed DFP-induced increases in cerebral and neuronal
markers of oxidative damage, F2-IsoPs and F4-neuroPs, respectively. In addition to attenuating DFP-induced increased production of
markers of NO/NOS and depletion of ATP, all tested agents fully
protected hippocampal CA1 pyramidal neurons from dendritic
degeneration (Fig. 3). Therefore, suppression of lipid peroxidation,
most likely mediated by scavenging ROS, and the parallel reduction
in neuronal damage following the increase in antioxidants and
memantine strongly supports oxidative stress mechanisms as
causal mediators of DFP-induced seizures and neurodegeneration.
Conclusion
We have explored mechanisms associated with OP-induced
neurotoxicity by probing their effects on oxidative stress and
associated dendritic degeneration of pyramidal neurons in the CA1
hippocampal area. We have also investigated different pathways to
attenuate biomarkers of oxidative damage associated with
anticholinesterase exposure and the extent to which such
attenuation is accompanied by rescue from neurodegeneration.
Results from our studies suggest that vitamin E, PBN and
memantine efﬁciently suppress oxidative injury. Future studies
should be directed at deciphering the mechanisms of protection,

addressing the ability of these agents to attenuate OP neurotoxicity
via radical scavenging, AChE inhibition and/or glutamate antagonism. Additional studies should also investigate not only the
prophylactic, but also therapeutic effects of these neuroprotectants. Successful identiﬁcation of safe and effective neuroprotectants that suppress non-cholinergic activities associated with
anticholinesterase exposure will provide new pharmacological
modalities to protect and treat both the acute and delayed effects
of nerve agent poisoning.
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Vipera palestinae venom toxicity
Snake bite is a serious medical problem in particular in Asia,
Africa and often encountered in the Middle East countries
including Israel. The main symptoms following these accidences
include hemorrhagic activity expressed by edema, alterations in
the coagulation system, myotoxicity expressed by massive muscle
ﬁbers collagen desheeting and myonecrosis, cardiotoxicity often
expressed by strong hypotension and arrthymic pathologies,
neurotoxicity expressed by ﬂaccid paralysis and depression of
central autonomic vasoregulatory mechanism and respiratory
paralysis (Thwin and Gopalakrishnakone, 1998). Serotherapy is
currently the only available therapy for treating snake envenomation. The common side effects associated with its use and the poor
neutralization of the local or systemic effects of the venom
(Weinstein et al., 2009) are calling for modern studies to evaluate
the full proteomic composition and pathophysiological activity as
well as development of more effective therapeutic strategies to
deal with snake venom envenomation (Calvete et al., 2009). In
Israel, the Vipera xanthina palestinae bites are among the most
common reasons for human and veterinary envenomations (Aroch
and Harrus, 1999). For this purpose the Israeli Ministry of Health is
producing a Vipera palestinae antivenom containing polyclonal
antibodies toward neurotoxins and hemorrhagins and based on
formaldehyde detoxiﬁcation of the venom (Moroz, 1998). Vipera
palestinae venom HPLC fractions and MALDI-TOF proteomic
analysis indicated the presence of complex mixtures of pharmacologicaly active molecules including (Fig. 4): (i) neurotoxins: 2%
neurotoxic phospholipase A2 (PLA2) (Krizaj et al., 1996); (ii)
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myotoxins: 2% myotoxic PLA2; (iii) hemorrhagins: 65% zink
metallo proteinase, 9% serine proteinase, 10% C-type lectine-like
disintegrin, 6% dimeric disintegrin, 1% cystein rich disintegrin, <1%
short disintegrin (Kisiel et al., 2004) similar to the snake venomics
composition of other north African viper venoms (Bazaa et al.,
2005). In addition to these components, we also detected about 2%
of the venom content as growth factors such as vascular
endothelial growth factor (VEGF) (Brown et al., 2007) and nerve
growth factor (NGF) (Lecht et al., 2008) known to induce vascular
permeability (Kostiza et al., 1995; Weis and Cheresh, 2005).
Vipera palestinae venom-derived growth factors with therapeutic
implications
In addition to the toxic effects, VEGF and NGF growth factors are
also characterized by beneﬁcial therapeutic effects such as:
angiogenesis (Lazarovici et al., 2006b), neuroprotection (Zacchigna
et al., 2008) and cardioprotection (Kreusser et al., 2008; Markel
et al., 2008). In view of their dual effects on both neural and
vascular systems NGF and VEGF were recently termed angioneurins (Zacchigna et al., 2008). We have recently isolated and
characterized both NGF and VEGF-like angioneurin compounds
from snake venoms using two steps of reverse phase HPLC
followed by protein sequencing. As expected, these growth factors
were able to induce in vivo plasma extravasation by causing a
general microvessel leakage and in vitro increased permeability
(reduction in electrical resistance) of brain capillary endothelial
monolayer (Fig. 4) (Brown et al., 2007). These properties strongly
suggest that these angioneurins have an offensive role upon
envenomation in improving the pharmacokinetic properties of
snake venom neurotoxins and hemorrhagins. In contrast to these
destructive properties, snake venom NGF and VEGF potently
stimulate endothelial cells proliferation in a TrkA and VEGFR-2
receptors dependent manner, respectively (Lazarovici et al.,
2006b). This stimulatory effect of angioneurins on endothelial
cells from different vascular beds was correlated with activation of

Fig. 4. Vipera palestinae venom relative composition of various toxins and growth factors. Growth factors of total venom are further divided by possible toxic and/or
therapeutic functions.

Author's personal copy
616

Y. Finkelstein et al. / NeuroToxicology 31 (2010) 608–620

MAPK signaling pathway (Cantarella et al., 2002; Lecht et al., 2007).
In vivo, these angioneurins induced angiogenesis in a quail
chorioallantoic membrane assay (Lazarovici et al., 2006a) and in
a Matrigel plug assay in mice (Brown et al., 2007). The viper VEGFlike the natural ligand VEGF-A165 exert its speciﬁc activity by
binding to a VEGF receptor type 2 but do not bind to the Flt or
neuropilin receptor families (Yamazaki et al., 2003) providing for
the ﬁrst time unique pharmacological tools to study VEGF receptor
type 2 function and toward development of novel agonists and
antagonists. Similar to snake venom VEGF-induced angiogenic
effects, venom-derived NGFs promoted migration (Dolle et al.,
2005), capillary sprouting and other angiogenic functions (Lazarovici et al., 2006a). Recently, a9b1 integrin, known to interact with
VEGF isoforms, was also found as a receptor for NGF, providing a
novel target and explanation for angioneurins-induced migration
of endothelial cells (Staniszewska et al., 2008). The unique
overexpression of a9b1 integrin in glioblastoma multiforme,
which respond to NGF by increased invasiveness, propose antiNGF therapeutic approach in brain tumors chemotherapy. It is well
recognized to date that many tumors overexpress angioneurins
and their respective receptors TrkA and VEGF receptor type 2
resulting with increased proliferation and blood supply (angiogenesis) of the tumor (Florenes et al., 2004; Odegaard et al., 2007).
Bevacizumab (Avastin1), a neutralizing anti-VEGF antibody FDAapproved for inhibiting angiogenesis and tanezumab a neutralizing anti-NGF antibody in phase II clinical trials for inhibiting
metastatic pain and possibly angiogenesis may become important
future anticancer drugs.
In conclusion, snake venom angioneurins analogues like the
human recombinant ones are important mediators of the
physiological cross-talk between the cardiovascular and nervous
systems. However, under certain conditions these angioneurins
may induce pathologies such as tumor development (chronic
effects) or disruption of the vascular barrier function during
envenomation (acute effects) (Fig. 4). Furthermore, snake venom
angioneurins maybe used as important pharmacological tools and
as lead compounds in novel drug discovery, as demonstrated with
the ﬁrst oral angiotensin-converting enzyme inhibitor, captopril,
indicated for reducing blood pressure and developed from the
Brazilian viper venom (Cohen, 1985) or eptiﬁbatide and tiroﬁban,
derivatives of snake venom disintegrins, which inhibit glycoprotein aIIbb3 integrin receptors leading to inhibition of platelet
aggregation (Marcinkiewicz, 2005).
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Introduction
Exposure of mammalian skin to an irritating chemical such as
mustard gas (sulfur mustard, SM) results in erythema followed by
edema, blister formation and desquamation (Balali-Mood and
Hefazi, 2005). The vesicating effect of SM stems from its conversion
to the electrophilic ethylene episulfonium in aqueous environment
resulting in alkylation of DNA, RNA and proteins, arrest of catabolic
and anabolic functions and cell death (Wormser, 1991). It was
postulated that nucleophilic agents may possess antidotal effect by
chemical neutralization of the reactive mustard electrophile,
however, the tested agents were of limited value in protecting
skin against mustard toxicity in experimental animals (Casillas
et al., 2000).
Effect of iodine on skin burns
We adopted another approach for protecting skin against SM,
hypothesizing that SM can be inactivated by oxidation of its sulfur
atom to form SM sulfoxide. This derivative was reported to be
devoid of vesicating activity (Dixon and Needham, 1946),
presumably due to its inability to form the cyclic ethylene
episulfonium intermediate. In this view, it was hypothesized that
topical treatment with an oxidizing agent may protect skin against
SM toxicity. Iodine was an appropriate candidate due to its
oxidizing activity and wide use as a safe topical antiseptic. Indeed,
post exposure treatment with topical iodine or povidone-iodine
(PI, an iodophor which releases iodine in aqueous environment)
preparations signiﬁcantly reduced SM-induced skin lesions in
guinea pigs (Fig. 5, Wormser et al., 1997). However, chemical
analysis revealed that iodine does not oxidize SM (Wormser et al.,
2000), indicating a different mechanism of action for its protective
effect. Moreover, iodine had a counter-irritating effect against nonoxidizable dermatotoxic agents such as iodoacetate (Wormser
et al., 1997) and hydroﬂuoric acid (Wormser et al., 2002).
Furthermore, topical application of PI or iodine protected against
heat burns in both humans (Wormser, 1998) and experimental
animals (Wormser et al., 2002). In view of these data, it was
postulated that iodine exerts its counter-irritating activity by a
pharmacological mechanism that alters skin response to noxious
stimuli, resulting in hyposusceptibility of the epidermal and
dermal layers to chemical irritants and heat burns.
Mechanism of action of iodine
In order to verify the mechanism of action of iodine, we adopted
two different approaches that ultimately led to the same result.
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Fig. 5. Effect of duration of iodine application on SM-induced skin toxicity. Shaved
backs of guinea pigs were exposed to 1 ml neat SM (6 exposure sites per animal)
followed by iodine application (30 min interval). Durations of iodine treatment are
indicated. Results are the mean  SE (cont n = 30; n = 9 for the rest). *p < 0.05.
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The ﬁrst one hypothesized that iodine induces endogenous
protective factor(s) in the irritant-exposed skin whereby skin is
protected. In order to test this hypothesis guinea pig skin was
exposed to heat stimuli followed by topical iodine treatment.
Extract of the skin was intradermally injected into naı̈ve guinea
pigs. Degree of irritation was signiﬁcantly reduced as compared to
the control animals injected with extract from untreated and
unexposed skin. Interestingly, the protective effect of the extract
was observed only when irritation was followed by iodine
application whereas extract of guinea pigs treated with iodine
or burn only had no beneﬁcial activity.
Potential involvement of substance P
The second approach was based on the potential interaction of
iodine with inﬂammatory mediators during the process of skin
evolution. Levels of circulatory inﬂammatory mediators such as IL1, IL-6 and TNFa were elevated upon thermal injury in rats
(Kataranovski et al., 1999). Altered functions of inﬂammatory cells
such as macrophages (Ogle et al., 1997), monocytes (Schwacha
et al., 2002) and oxygen radical formation (Demling and Lalonde,
1990; Till et al., 1985) were observed in animals exposed to
thermal stimuli. Chemical injuries induced by SM were also
reported to involve a variety of inﬂammatory mediators including
proteinases (Woessner et al., 1990), chemotactic factors (Tanaka
et al., 1997), cytokines (Tsuruta et al., 1996) and oxidative stress
(Elsayed et al., 1992). Inhibition of the inﬂammatory response
reduced the severity of dermal and epidermal lesions caused by SM
(Casillas et al., 2000). Among the inﬂammatory mediators, the
undecapeptide substance P (SP) plays an important role in the
evolution and progression of skin inﬂammation (Legat et al., 2002;
Walsh et al., 1995). This peptide (SP: Arg-Pro-Lys-Pro-Gln-GlnPhe-Phe-Gly-Leu-Met-NH2) was shown to be involved in the
inﬂammatory response of chemical (Casbohm et al., 2004) and
thermal (Scott et al., 2005) skin burns. Being a potent vasodilator
(Paus et al., 2006) and pain mediator (Kingery et al., 2003), SP may
serve as an important contributor to the inﬂammatory process
occurring during skin burn.
The dramatic effect of PI on human burns (Wormser, 1998),
namely, relatively rapid reduction in pain sensation and prevention of erythema and burn development, led us to the hypothesis
that iodine operates by neutralization of SP. The methionine amide
residue at the 11th position is a candidate for oxidation to form the
corresponding SP sulfoxide which was shown to be less
pharmacologically active (Floor and Leeman, 1980) than the
parent peptide. Although the oxidizing activity of iodine is too
weak to produce SP sulfoxide in vitro, our primary assumption was
that iodine application might alter tissue reactions, possibly by
increasing its oxidative potential, leading to SP oxidation.
The anti-inﬂammatory peptides III and IIIM1
We realized that SP was oxidized in SM-exposed skin without
iodine treatment probably due to the secretion of hydrogen
peroxide and other oxidizing agents from the polymorphonuclear
cells recruited in the inﬂamed skin area, as opposed to our primary
working hypothesis. Nevertheless as a byproduct of this analysis
we discovered a novel peptide fragment of H2A histone 36–44
presumably induced by iodine. The peptide isolated from guinea
pig skin (termed peptide III) has the sequence KGNYAERIA while
the mouse analog (termed IIIM1) differs in three amino acid
residue with the sequence KGHYAERVG. Peptide III reduced skin
irritation in the guinea pig skin irritation test whereas IIIM1
ameliorated the inﬂammatory response in the mouse ear swelling
test (Brodsky et al., 2008). Interestingly, cultured HaCaT keratinocytes transfected with the peptide MKGHYAERVG in which
methionine residue was added to the N-terminus of the IIIM1
peptide (as an initiation codon) showed 3.1-fold viability to SM as

617

compared to the control cells (Brodsky et al., 2008). The antiinﬂammatory effect of the peptide was further demonstrated in
the reduction of oxidative burst of activated HL-60 neutrophils.
The protective effect of the peptide against oxidative stress was
also shown in in vivo studies. Skin edema caused by intradermal
injection of glucose oxidase (producing hydrogen peroxide from
glucose) was signiﬁcantly reduced by the peptide (Brodsky et al.,
2008).
In summary, the anti-inﬂammatory activity of IIIM1 peptide
might be of potential use for skin irritation caused by chemical or
heat stimuli and also for dermal disorders such as psoriasis and
pemphigus. Moreover, other types of inﬂammatory diseases such
as rheumatoid arthritis, inﬂammatory bowel disease and multiple
sclerosis might potentially be affected by this nonapeptide.
Encouraging preliminary ﬁndings were obtained in experimental
autoimmune encephalitis (EAE), an animal model of multiple
sclerosis. Treatment of diseased mice and rats with the peptide
caused reduction in neurological score accompanied with decreased inﬂammatory and autoimmune responses. In this view it is
anticipated that the peptide would be of beneﬁcial effect in
prevention and treatment of tissue damage in the central and
peripheral nervous systems. This may be applied to SM that was
reported to cause neuropsychiatric symptoms and changes in
electromyography and nerve conduction velocity (Balali-Mood
and Hefazi, 2005). Of particular interest are neurotoxic agents such
as organophosphates and metals like manganese and lead whose
neuronal damage involves inﬂammatory response including
production and secretion of cytokines (Chapman et al., 2006;
Valentino et al., 2007; Park and Park, 2010). Due to its antiinﬂammatory and immunomodulatory effects, IIIM1 might be an
appropriate candidate for prevention and treatment of adverse
effects caused by neurotoxic agents.
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