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NOTICE

These meeting minutes have been written as part of the activities of the Federal Insecticide,
Fungicide, and Rodenticide Act (FIFRA), Scientific Advisory Panel (SAP). The meeting
minutes represent the views and recommendations of the FIFRA SAP, not the United States
Environmental Protection Agency (Agency). The content of the meeting minutes does not
represent information approved or disseminated by the Agency. The meeting minutes have not
been reviewed for approval by the Agency and, hence, the contents of these meeting minutes do
not necessarily represent the views and policies of the Agency, nor of other agencies in the
Executive Branch of the Federal government, nor does mention of trade names or commercial
products constitute a recommendation for use. '

The FIFRA SAP is a Federal advisory committee operating in accordance with the Federal
Advisory Committee Act and established under the provisions of FIFRA as amended by the
Food Quality Protection Act (FQPA) of 1996. The FIFRA SAP provides advice, information,
and recommendations to the Agency Administrator on pesticides and pesticide-related issues
regarding the impact of regulatory actions on health and the environment. The Panel serves as ,
the primary scientific peer review mechanism of the Environmental Protection Agency, Office of
Pesticide Programs (OPP), and is structured to provide balanced expert assessment of pesticide
and pesticide-related matters facing the Agency. FQPA Science Review Board members serve
the FIFRA SAP on an ad hoc basis to assist in reviews conducted by the FIFRA SAP. Further
information about FIFRA SAP reports and activities can be obtained from its website at
http://www.epa.gov/scipoly/sap/ or the OPP Docket at (703) 305-5805. Interested persons are
invited to contact Sharlene R. Matten, Ph.D., SAP Designated Federal Official, via e-mail at
matten.sharlene@epa.gov.

In preparing these meeting minutes, the Panel carefully considered all information provided and
presented by EPA, as well as information presented in public comment. This document
addresses the information provided and presented by EPA within the structure of the charge.
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INTRODUCTION

The Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) Scientific Advisory Panel
(SAP) has completed its review of The Agency’s Evaluation of the Toxicity Profile of
Chlorpyrifos. Advance notice of the SAP meeting was published in the Federal Register on
July 9, 2008 and August 28, 2008. The review was conducted in an open panel meeting
September 16-18, 2008 held at the Holiday Inn-Rosslyn, Arlington, Virginia. Dr. Kenneth M.
Portier chaired the meeting. Dr. Sharlene R. Matten served as the Designated Federal Official.
Dr. Tina Levine, Director, Health Effects Division, Office of Pesticide Programs (OPP),
provided opening remarks at the meeting. Presentations of technical background materials were
provided by Dr. Anna Lowit and Ms. Deborah Smegal, MPH, Health Effects Division, OPP and
by Dr. Ginger Moser, EPA-ORD-National Health and Environmental Effects Research
Laboratory (NHEERL). Additional technical assistance was provided by Dr. John Liccione and
Dr. John Doherty of the Health Effects Division, OPP.

Chlorpyrifos (0,0-diethyl-O-3,5,6-trichloro -2-pyridinyl phosphorothioate) is a broad-spectrum,
chlorinated organophosphorus (OP) insecticide. Chlorpyrifos is one of the most widely used OPs
in the U.S. In 2000, nearly all residential uses were voluntarily cancelled by Dow AgroSciences,
LLC. However, chlorpyrifos continues to be used extensively in commercial agriculture. Since
2000, there has been extensive research on various aspects of chlorpyrifos toxicity, particularly
on effects in animals and humans from gestational and postnatal exposure. Many new studies in
rats investigating different endpoints including acetylcholinesterase (AChE) inhibition and
adverse effects on the developing brain are now available. In addition, manuscripts have recently
been published from three cohorts of pregnant women and children exposed in uteroto
organophosphates (OPs). At this time, the Agency is re-evaluating the extent to which toxicity
endpoints and extrapolation/uncertainty factors for chlorpyrifos require updating based on this
new information. The Agency’s issue paper and associated appendices contain the proposed
updates and the scientific foundation for the proposed revisions. The contents and conclusions
drawn in the issue paper and appendices are preliminary. The ultimate goal of the Agency’s on-.
going work is to improve the scientific support for the Agency’s risk assessment. This will be
accomplished by 1) evaluating new data on potentially susceptible subpopulations and 2)
incorporating improved approaches, e.g., benchmark dose modeling instead of relying on no-
observed-adverse-effect levels NOAELS) for points of departure; and using extrapolation factors
based on data instead of relying on default factors to account for differences in animals and
humans and among humans. The Agency has progressed to a point in the review that feedback
from the FIFRA SAP would be helpful.



PUBLIC COMMENTERS
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SUMMARY OF PANEL DISCUSSION AND RECOMMENDATION S

The Panel acknowledged the extent of the chlorpyrifos database and commended the Agency for
preparing a comprehensive document considering the scientific evidence as a whole. Some of
the more significant new data available to the Agency since the preparation of the 2000
chlorpyrifos risk assessment comes from three large prospective cohort studies of pregnant
women and their children. Throughout the two-day discussion, Panel members referred to the

-results of these studies in an attempt to integrate their findings with the toxicology data from
laboratory animal experiments. Despite the large volume of data available to address the risks of
chlorpyrifos exposure from agricultural uses, several Panel members were concerned that a high
~degree of uncertainty is evident in the available data, particularly under low dose, chronic
conditions. Uncertainty was expressed in attributing observed adverse effects to chlorpyrifos in
the epidemiological studies where exposure was to metabolites of chlorpyrifos or to a mixture of
chlorpyrifos and two additional anticholinesterase insecticides. The Panel agreed that the
epidemiological studies have utility for risk assessment, but not as the principal basis for
characterization of the point of departure (PoD). There was extensive discussion on
experimental and epidemiological studies, e.g., of low-dose exposure in animals, of exposures in
agricultural and pesticide handlers, and of the mode of action including the need to develop
chlorpyrifos-specific PBPK models, that could provide the information needed to address critical
data gaps and reduce uncertainty. '

1. Metabolism & Toxicokinetics

The Panel concluded that a weight of evidence evaluation of available information supports the
Agency’s conclusions that 1) sensitivity to the adverse effects of chlorpyrifos is influenced by
age, with young animals having lesser total ability to detoxify chlorpyrifos and many other
organophosphorus compounds, and 2) that the age-dependent sensitivity observed in
experimental animals is due mostly to toxicokinetic (TK) differences between juveniles and
adults instead of only being the result of toxicodynamic (TD) differences.

The Panel agreed that current scientific data on chlorpyrifos uptake, transport, sequestration and
excretion suggest that individual differences in metabolism and transformation will explain much
of the variability seen in these factors, but that other potential TK differences between juveniles
and adults should not be dismissed. For instance, the high respiratory rate of children may
enhance the absorption of chlorpyrifos present in the air. Children have a greater cardiac output
compared to adults, together with their less developed blood-brain barrier; facilitate some of the
chlorpyrifos-oxon reaching the brains of exposed infants.

Some panel members questioned whether detoxication of the oxon plays a significant role in
explaining the differential susceptibility between adults and juveniles at lower levels of
chlorpyrifos exposure. Toxicokinetic differences are less likely to be relevant under low dose
conditions compared to high dose conditions where enzyme systems may become saturated.
Human tissue data specific to enzyme-mediated detoxication are minimal, however. While blood
levels of detoxifying enzymes (e.g., PON1, carboxylesterases) have been studied, data on
chlorpyrifos detoxication in specific organs (e.g., the liver) from humans are limited, making it

10



difficult to draw firm conclusions about the role of activation and detoxication in explaining
differences in susceptibility to chlorpyrifos toxicity between human infants, children, and adults.

The Panel also agreed with the Agency’s conclusion that “pregnant animals and humans may be
somewhat more sensitive to chlorpyrifos than non-pregnant adults” based on the expected role of
key detoxication enzymes (e.g., paraoxonase, P450 isozymes) in modulating levels of
chlorpyrifos in animal studies. However, the Panel noted that there are relatively small
differences in levels of these key enzymes between pregnant and non-pregnant animals. At dose
levels expected from environmental exposures the importance of such small differences in '
enzyme levels is unknown, but the data suggest a reduced capacity to detoxify chlorpyrifos
during pregnancy.

2. Cholinesterase Inhibition

Panel members agreed with the Agency’s conclusion that postnatal rats are more sensitive than
adult rats to increased cholinesterase inhibition and lethality following acute exposures.
Increased susceptibility appears to be the result of the juvenile animals' lower capacity to
detoxify either chlorpyrifos or the chlorpyrifos-oxon. The Panel was uncertain about how to
interpret the data describing differences in cholinesterase inhibition between post-natal animals -
and adults following repeated chlorpyrifos dosing. The evidence suggests that younger animals
~ are less sensitive than adults to cholinesterase inhibition from low dose repeated exposures,
 likely due to a lack of enzymes capable of converting chlorpyrifos to the oxon form in younger
animals. In essence, the total acetylcholinesterase activity in the younger animal’s tissues
increases more effectively in between exposures, leading to lesser accumulation of inhibition
over time than in adults. However, the role of the activation and detoxication pathways in
producing differential cholinesterase inhibition and cholinergic effects at low dose repeated
exposures is not clearly defined by the available data.

The Panel agreed with the Agency’s preliminary conclusion that data showing less cholinesterase
inhibition after repeated dosing during gestation may not reflect the true potential toxicity to the
fetus. The data indicate, however, that the level of cholinesterase inhibition depends on the time
of sampling following exposure. Developing rats would be expected to show less cholinesterase
inhibition than would adults, with increasing length of time of measurements vs. dosing. Two
mechanisms may explain this phenomenon: 1) a higher rate of recovery of the inhibited
cholinesterase molecules and/or 2) an increase in cholinesterase enzyme synthesis, in the
developing rat. There is little experimental evidence to indicate differences in enzyme
reactivation following inhibition in cholinesterases from either young or adult tissues. The
difference in rate of synthesis of new enzyme molecules is likely the dominant factor. A more
accurate comparison of cholinesterase inhibition between the developing animal and the adult
could be determined if sample collection coincided with the time of the peak cholinergic effect.

3. Laboratory Studies on the Developing Brain
In general, the Panel agreed with the Agency’s conclusion that gestational or early postnatal

exposures can lead to neurochemical and behavioral alterations that persist into adulthood. A
number of rodent studies suggest that prenatal or postnatal exposures may lead to long-term
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neurobehavioral changes in motor and cogmtlve behaviors. The Panel questioned the meaning of
the phrases “at sufficiently high exposures” and “persisting into adulthood after any initial AChE
inhibition has reversed.” Some panelists stated that a “sufficiently high exposure” should be
defined on the basis of a dose that induces brain cholinesterase inhibition. They noted that the
majority of experimental animal studies reviewed by the Agency used doses of about 1 mg/kg.
This dose (exposure level) should be sufficient to inhibit brain cholinesterase activity and at the
same time causes neurobehavioral effects in most age groups.

Some members questioned the experimental methods used in some of the animal studies as well
as the interpretation and application of the results of neurobehavioral testing in animals for risk
assessment. Several Panel members felt that while behavioral findings are consistently reported
in the literature, the types of behavioral activities reported as significant were not always the
same. It was acknowledged that the study outcomes could be affected by 1) the route of
administration of chlorpyrifos, 2) the developmental period of exposure, 3) the methods used to
measure changes in behavioral domains, and 4) the choice of dependent variables. Panel
members agreed with the Agency’s expressed caution on the use of dimethyl sulfoxide (DMSO)
as a vehicle because of its intrinsic toxicity and potential influence on absorption. In addition,
uncertainly was expressed about potential interactions between DMSO and low doses of
“chlorpyrifos and the effect of this interaction on the developing animal.

The Panel agreed with the Agency’s determination that insufficient data exist to clearly identify a
specific mode of action for effects in the developing nervous system for use in risk assessment.
Some panel members believed that studies cited by Eaton et al. (2008) were indicative of
possible non-cholinergic modes of action. Other panel members disagreed with this conclusion.
They stated that the effects on blood cholinesterase are considered protective for the observed
effects (i.e., occurring at lower doses); however, nothing is implied about mode of action, except
in the context of species and interindividual variability in toxicokinetics. Most of the Panel stated
that the available information does not allow behavior to be considered as a point of departure.
These panelists stated that cholinesterase inhibition should continue to be used for PoD until, at
such time; an alternative mode of action is identified and validated.  Collaboration between EPA
and developmental neurotoxicologists would help identify enzyme inhibition occurring in
discrete brain sites at critical periods of development.

4. Epidemiology Studies in Children and Mothers

The Panel agreed with the Agency’s conclusions regarding the potential utility of the
epidemiological data from the three cohort studies (Columbia University in New York, Mt. Sinai
Hospital in New York, and the University of California at Berkeley) in broadly characterizing
risk of chlorpyrifos exposure to pregnant women, fetuses, infants, and children. They also
concurred that these studies should not be considered as the principal basis for characterization
of the PoD. The Columbia study was considered the most epidemiologically-sound and to have
adequately addressed selection and information biases to the best extent possible. It was also
considered the most robust and appropriate in assessing chlorpyrifos developmental toxicity
because specific measurements of exposure to chlorpyrifos in neonates and children (i.e., the

~ study populations) were obtained. Confounding factors in the Mt. Sinai and Berkeley studies,
particularly the fact that exposures were based on OP and carbamate metabolites and that
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chlorpyrifos was not specifically measured, reduce their utility in a quantitative context for risk
assessment. Several panel members pointed out that although the Agency classified the study
population's exposure as “high” for a residential setting, it would be considered a “low”, exposure
for a population of agricultural workers or pesticide handlers.

The weaknesses inherent to observational studies were discussed. Given the paucity of human

~ epidemiological studies of OP insecticides in children, the Mt. Sinai and Berkeley studies do

- provide useful information for risk assessment. For example, these studies provide data
demonstrating abnormal reflexes in neonates that is not available from the Columbia cohort
study. In addition, the Mt. Sinai cohort study considered paraoxonase activity as a factor in the
analyses that may have relevance for human toxicity. There is uncertainty in the exposure
estimates in the Columbia study because measurements were derived from a single time point

“ (maternal and/or cord blood). Notwithstanding this uncertainty, the Panel felt that the results

from the Columbia study raise concerns for adverse neurodevelopmental effects in children

exposed in utero to environmental levels of chlorpyrifos although there was confounding by the

presence of other anticholinesterase insecticides. The majority of issues raised by the Panel were

points of clarification or issues that if addressed could strengthen the analysis and provide the

Agency with better and more useful data for risk assessment.

Overall, the Agency’s conclusion that chlorpyrifos could have contributed to the birth and
neurodevelopmental outcomes noted in the three cohort studies was supported. The Panel agreed
with the Agency that: a) exposures to multiple cholinesterase-inhibiting insecticides in
combination cannot be ruled out as contributing to the birth and neurodevelopmental outcomes;
b) a potential synergistic and/or additive effect of these compounds does not rule out a role for
chlorpyrifos in contributing to the adverse outcomes; and ¢) it cannot be determined if
chlorpyrifos is the sole contributor to the observed outcomes. These conclusions are supported
by the Columbia study finding of a crude dose-response relationship to chlorpyrlfos levels which
persisted even after controlling for exposure to other pesticides.

When the results of the three cohort studies (with an emphasis on the Columbia study) are
considered along with the findings from experimental studies in animals, the Panel concluded
that maternal chlorpyrifos exposure would likely be associated with adverse neurodevelopmental
outcomes in humans. Some panelists indicated that if the associations between chlorpyrifos
exposure and the reported outcomes are causally related, then it is possible to conclude that the
mechanism of action might be independent of cholinesterase inhibition. Exposures to multiple
cholinesterase-inhibiting pesticides or other neurotoxicants may result in additive or interactive -
effects. This information might be useful when considering cumulative exposures to these
pesticides.

5. Huinan Information Available for Risk Assessment

The Panel generally agreed with the Agency’s conclusion that due to their limitations, the
epidemiological data currently available are useful primarily for hazard identification. The Panel
-disagreed on whether the current epidemiological data provide sufficient evidence to suggest that
the uncertainty factor for the cholinesterase inhibition endpoint be changed to accommodate the
possibility of neurodevelopmental effects from low-level in utero exposures of chlorpyrifos. The
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majority of the Panel agreed that the current epidemiological data do not provide sufficient
evidence to increase the uncertainty factor for the cholinesterase inhibition to accommodate the
possibility of neurodevelopmental effects. However, some panel members felt strongly that the
current epidemiological data do provide evidence to indicate that the margin of safety should be
increased. The Panel recommended that the Agency conduct a full formal weight of evidence
evaluation for causality of the reported associations between exposure to chlorpyrifos and
neurodevelopmental outcomes in the existing epidemiological database.

The Panel recommended that the Agency continue its collaboration with Columbia University
researchers in analyzing the epidemiological data. The Agency is encouraged to continue open
discussions with the study researchers (and the Centers for Disease Control and Prevention, as
appropriate) to seek clarification on the level of confidence in the reported exposure levels. The
Agency should then attempt to use the cohort data quantitatively to inform the risk assessment
process, such as in a boundary setting exercise. '

The use of physiologically-based pharmacokinetic (PBPK) modeling would enable estimation of
exposure dose metric for multiple sources of exposure, e.g., air, food, water. The Panel also
agreed with the concept of using a PBPK model to examine individual intra-species variations as
well as inter-species differences. While the potential contribution of the chlorpyrifos PBPK
model being developed was recognized, some panelists believed that the Agency should also
pursue a simpler PBPK model specifically applicable to the chlorpyrifos data that would be
available in a relatively short timeframe. The Panel concluded that the epidemiological data may
" be used for bounding exposure levels, and in conjunction with PBPK models, address current or
potential human exposures and to determine the final reference dose or reference concentrations.

The Panel agreed with the Agency’s approach to deriving a dermal absorption factor using data
from the deliberate dosing in human studies. This approach is especially valuable if no other
sources of data are available. . However, the current 3% absorption factor should be further
refined by considering different exposure scenarios and adjusting for expected underestimation
of exposure. The Panel also agreed with the Agency’s scientific analysis that these deliberate
dosing studies cannot be used to directly establish a PoD or UFs, but indicated that these data
might be used as bounding levels similar to what was suggested by the Panel concerning the data
from the epidemiological studies.

6. Points of Departure (PoD) for Risk Assessment

The Panel was presented with three options for deriving points of departure for acute and chronic
chlorpyrifos exposure from animal studies for extrapolating human risk. Panel members
expressed difficulty in separating the discussion of points of departure from that of uncertainty
factors with the result that the discussion of these two issues overlapped in many areas.

The Panel agreed that Option 3 was the most favorable option for deriving points of departure for
acute and chronic exposure. There was also general agreement among Panel members with the
Agency’s proposal to use the dermal and inhalation studies from their 2000 assessment as a basis
to develop points of departure for these exposure routes, taking into' account sensitive life stages
and adjusting for dosing regimen. Option 3 was chosen principally on the basis that the
proposed point of departure for acute exposure takes into account all life stages, is based on
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benchmark doses (an advantage over the NOAEL or LOAEL), and represents the results of
several studies.

Based on available data, most of the Panel members (a few members disagreed) stated that the
PoD presented in Option 3 is also believed to be protective for effects on the developing brain,
although it is based on cholinergic effects. However, this conclusion has associated
uncertainties; the lack of information on the mode of action in inducing the observed behavioral
effects and evidence from in vivo and in vitro studies that show non-cholinergic modes of action
are likely to be involved in the adverse developmental neurotoxicity and behavior endpoints.
The Panel encourages EPA to exphcltly address these uncertainties when deriving the reference
dose/concentrations. -

The effects on neurobehavioral development observed in the three epidemiological studies, the
uncertainties surrounding the mode(s) of action following longer term exposure, and the need to
account for potential cumulative effects support the lower point of departure for repeated
exposures used by the Agency in its 2000 risk assessment. The Panel also recommended that the
Agency investigate the possibility of conducting a benchmark dose assessment for the chronic
point of departure determination.

The Panel recommended that the Agency consider development of an appropriate study using
doses spanning and below those expected to produce cholinergic effects with the most sensitive
administration method and the most sensitive life stage. Such a study would examine
developmental neurotoxicity and behavior outcomes along with cholinesterase inhibition. This
would likely help elucidate non-cholinergic modes of action for developmental neurotoxicity and
behavior effects.

. 7. Extrapolation/Uncertainty Factors

After review of available data, the Panel concurred with the Agency that paraoxonase-1 (PON1)
status cannot be ruled out as a determinant of chlorpyrifos toxicity, particularly for the fetus and
the young child. Actual human exposures vary between bystanders and applicators (and
everyone in between) and it would be difficult to define what constitutes a low level of exposure
in humans. The Panel disagreed on whether the PON1 data alone could be used to address
uncertainty. The majority of panel indicated that these data should not be used out of context
until rate limiting step(s) is/are identified. The use of the PON1 data without such information
was considered by some to be a misinterpretation or misuse of the IPCS guidance for
determining chemical-specific adjustment factors (CSAFs).

Some of the Panel indicated that chlorpyrifos may produce effects in the fetus that would be
manifest later at the juvenile stage or later on in life (e.g. adulthood). They stated that adverse
neurodevelopmental effects in the fetus, neonates, and young children should be considered the
most important endpoints for assessing chlorpyrifos toxicity. The Panel noted that there does
seem to be a different susceptibility between fetuses and neonates compared to adults. Because
specific modes of action have yet to be identified for these effects, available data are inadequate
to inform inter-species and intra-species differences in TD and TK. Therefore, the application of
default uncertainty factors for TD and TK considerations was recommended by the Panel..
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The Panel noted the uncertainties surrounding the role of PON1 and its genetic polymorphisms
“in humans exposed to chlorpyrifos and other cholinesterase inhibitors. Some panel members
emphasized the lack of data in animals and humans on the involvement of PON1 in detoxication
pathways, especially in situations of low dose exposures. Most of the Panel encouraged the
Agency to use PBPK modeling to assess the overall impact of PON1 on toxicity over a range of
chlorpyrifos exposures. While other panel members recommended that the Agency gather data
(both in vivo and in vitro data) on animal and human enzyme kinetics and analyze carefully the
effects as related to the PON-192 Q/R polymorphism. The information on the overall
contribution of PON1 Q192R polymorphism on the deactivating pathways and potentially rate-
limitanting components will be very useful when examined in light of future PBPK models.

The Agency proposed two options for deriving an intra-species TK (human variation)
uncertainty factor: 1) a 12-fold data-derived factor based on the PON1 data or 2) the default
three-fold factor. The majority of the Panel supported the use of the default three-fold factor.
These panel members disagreed with the Agency’s approach to use PON1 genetic
polymorphisms to derive intra-species uncertainty factor. They stressed that PON1 is only one
downstream enzyme in a complex metabolic pathway and that the PON1 genotype alone is
insufficient to predict human variability. One panel member added that if chlorpyrifos acts
directly on certain brain targets to elicit developmental neurotoxicity without the need of
activation to the chlorpyrifos oxon (the substrate for PON1), then the role of PON1 for
neurodevelopmental toxicity would be irrelevant. On the other hand, several panelists stated that
the available PON1 data support an uncertainty factor of 12 for the intra-species factor to
account for potential developmental neurotoxicity of chlorpyrifos as shown in the
epidemiological studies. These members preferred the UFgk of 12-fold, rather than the default of
3-fold, because these were the only two choices proposed. However, none of the panel members
endorsed the CSAF approach used by the Agency to identify the factor of “12-fold” calculated
based on chlorpyrifos-oxonase and encouraged the Agency to pursue other approaches based on
- the mode of action (i.e., 2005 IPCS CSAF guidelines).

The Panel did not reach consensus on one specific uncertainty factor for inter-species TK
differences. Most of the panel concurred with the Agency’s proposal to stay with the default
three-fold factor for inter-species TK differences and add no additional uncertainty factor for
developmental and behavior neurotoxicity. These panel members noted that the most sensitive
effect appears to be AChE inhibition with a BMDLj (i.e., lower confidence limit on the
benchmark dose calculated to a 10 percent effect level) for the red blood cell (RBC) AChE
inhibition after repeated exposure at 0.03 mg/kg/day; whereas, the lowest dose tested in the
developmental neurotoxicity studies in dams (0.3 mg/kg/day) was 10-fold greater and failed to
~ produce observable behavioral effects in the offspring. On the other hand, a few panel members
~ disagreed with this assessment and recommended that the Agency should apply a default
uncertainty factor of 100 to the points of departure based on the cholinesterase inhibition
endpoint and further consider the use of an additional uncertainty factor to address the concerns
for developmental and behavioral neurotoxicity as observed in both the animal and
epidemiological studies.
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The Panel generally favored the use of a PBPK model to integrate key TK and TD factors and
evaluate their contributions to the endpoints of interest (e.g., cholinesterase inhibition) for
various chlorpyrifos exposure scenarios and for various life stages. In addition, the dose
response relationships used in these models need to reflect the understanding gained from animal
studies, what is known about inter-species and intra-species differences, and be validated against
data from deliberate dosing studies in humans and epidemiological studies. The Panel
encouraged the Agency to continue examining the importance of all enzymes in the metabolic
pathway for chlorpyrifos, and acknowledged the data gaps for carboxylesterases and P450
enzymes. :

The Panel discussed alternative approaches for calculating the uhcertainty factors in the
chlorpyrifos risk assessment.

DETAILED RESPONSES TO CHARGE QUESTIONS
1. Metabolism & Toxicokinetics (Issue Paper Section 3.1, Appendix A):

The Agency has performéd a literature review of in vivo and in vitro studies on the metabolic
profile and toxicokinetic (TK) properties of chlorpyrifos with particular focus on age-dependent
and lifestage sensitivity.

a. The Agency has concluded that age-dependant sensitivity, at least in part, is derived based
on toxicokinetic (TK) differences between juveniles and adults. These TK differences lead
to reduced ability to detoxify chlorpyrifos or the oxon in juvenile animals. Please comment
on the Agency’s conclusion and the scientific support for or against this conclusion.

Panel Response

The Panel supported the Agency’s conclusion. A weight of evidence evaluation of the available
information shows that sensitivity to the adverse effects of chlorpyrifos is influenced by age,
with young animals having lesser total ability to detoxify chlorpyrifos as well as many other
OPs. The Panel agreed with the Agency’s conclusion that the age-dependent sensitivity is mostly
based on TK differelnces between juveniles and adults rather than soley on TD differences.

Chlorpyrifos is activated by oxidative desulfuration to the oxon which is further detoxified by
cytochrome P450-mediated dearylation. A second detoxication mechanism involves A-esterases
(PON1 activity towards chlorpyrifos-oxon) and B-esterases (carboxylesterases, cholinesterases)
- operating only on oxon that is available to them following the bioactivation reaction, and hence
these are the second enzymes in the pathway. These reactions take place mainly in the liver,
although they can also occur to a minor extent in other tissues.

The Panel agreed that, based on the current scientific data, differences in metabolism and

- biotransformation seem to play a more prominent role than age-dependent differences in the
uptake, transport, sequestration, and/or excretion of chlorpyrifos: They also indicated that other
potential TK differences between juveniles and adults should not be dismissed. For instance, it
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was mentioned that the high respiratory rate of children enhances their absorption of any
chlorpyrifos present in the air. Children have a higher skin surface-to-weight ratio that favors
dermal absorption and a higher permeability of the small intestine epithelium that facilitates
absorption by the oral route. The relatively greater cardiac output of juveniles, together with
their less developed blood-brain barrier may facilitate some of the circulating chlorpyrifos-oxon
eventually reaching the brain. Children have a greater cardiac output compared to adults,
facilitating some of the chlorpyrifos-oxon reaching the brain. The blood-brain barrier in humans
is not complete until 6 months of age (Rodier, 2004), facilitating some of the circulating
chlorpyrifos-oxon in reaching the brains of exposed infants

Polymorphisms in several of the enzymes involved in chlorpyrifos metabolism can lead to
variability in an individual’s ability to detoxify the chlorpyrifos-oxon. Some enzymes are also
inducible which may also contribute to variability in response to chlorpyrifos (and its
‘metabolites). Most of the studies evaluating biotransformation capacity with acute sensitivity are
correlative in nature, however, and are not mechanistic. While isoform expression of cytochrome
P450(CYPA450) can be markedly different between juvenile and adult animals, the relative roles
these isoforms play in sensitivity to chlorpyrifos are not clear. Juveniles appear to be less
efficient than adults at activating chlorpyrifos to its oxon metabolite using CYP450.
Nevertheless, the dearylation-to-desulfuration ratio in adults and juveniles is unknown, but may
differ as a function of age.

Choi et al. (2006) stated that the adult (human) liver plays an important role in detoxication of
chlorpyrifos and that in the liver the oxon does not accumulate to be released into the
bloodstream. Hunter et al. (1999), however, suggested that the fetal liver does not play a
significant role in detoxication. Some studies suggest that chlorpyrifos oxon formed in the liver
does not escape to enter the bloodstream (Sultatos et al., 1984). Poet et al. (2003) stated that at
low oral doses of chlorpyrifos, CYP/PONI1 in the intestine and liver may effectively remove the
oxon from circulation prior to systemic exposures. By contrast, individuals with lower levels
and/or activity of the detoxication enzymes may have these pathways become saturated at high
exposure levels. At high acute dosages, as is frequently the case in laboratory animal
experiments, the detoxication systems are operating at maximal levels and the differences
between adults and juveniles are more readily apparent. However these saturating conditions are
less likely to occur at environmental exposure levels. If the detoxication mechanisms are not
saturated, then their effectiveness in adults and juveniles may not be as different as experimental
animal data with high exposures suggest. The lack of available data on maturational differences
in tissue (non-blood) detoxication capacity by A-esterases and other pathways limits
extrapolation of relative sensitivity in infants based on differential detoxication. |

 Timchalk et al. (2006) reported that the rate of detoxication (measured as the formation of the
chlorpyrifos specific metabolite, 3,4,6-trichloro-2-pyridinol, referred to as TCP) exceeded the
rate of activation of chlorpyrifos (measured as chlorpyrifos oxon formation) in rats across age
groups from 5 days to adulthood, with exposures ranging from 1-10 mg/kg. This would suggest
that at similar exposures, inactivation processes may outweigh the net activation. At higher
exposures, inactivation might become compromised. At low chlorpyrifos concentrations, the
formation of non-toxic metabolites is highly favored in the fetus (Buratti et al., 2006).
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In evaluating the role of toxicokinetics and more specifically the lower detoxication potential in
juveniles compared to adults, the Panel proposed that the relatively inefficient bioactivation
reaction, especially in juveniles, would not likely lead to high concentrations of the oxon at
environmental exposure levels. The detoxication enzymes would not be at saturating substrate
concentrations for efficient inactivation. Age differences in toxicokinetics are likely to be
important at high dosage levels, but less likely to be relevant at lower dosages where enzymes
are not saturated. - '

The two detoxication pathways studied the most, in relation to age-related differences in
sensitivity, are carboxylesterases and A-esterases (primarily paraoxonase-1 referred to as PON1).
Specific activities of liver carboxylesterases (CarbE) increased with age in male rats (Atterberry
et al., 1997) which indicated the presence of more protective esterases in the adult as compared
to the juvenile animal. The lower carboxylesterases activity in blood and tissues in juveniles
appears to play a role in the differential sensitivity of juvenile animals to chlorpyrifos compared
to adults (Morgan et al., 1994; Moser et al., 1998; Karanth and Pope, 2000). However, humans
do not have carboxylesterases in the plasma (Li et al., 2005) and some data suggest relatively
minimal differences in liver carboxylesterases between infants and adults (Pope et al., 2005). On
the other hand, juveniles contain low serum albumin levels as compared to adults, and albumin

“has been reported to hydrolyze chlorpyrifos-oxon (Sogorb et al., 2008), and is capable of
protecting AChE - (acetyl cholinesterase) “in vitro” from inhibition at low concentrations of this
toxic metabolite (~ 0.1 pM).

Although BChE -/- (butyrylcholinesterase knockout) mice showed relatively similar toxic
responses as BChE +/+ mice following chlorpyrifos oxon exposure (Duysen et al. 2007), the
contribution of BChE to the metabolism of chlorpyrifos-oxon in humans remains to be
determined. This finding can be explained by the high carboxylesterase activity in mouse
plasma. Given that carboxylesterase is lacking in human plasma, the protective role of BChE
cannot be disregarded.

The Panel was not aware of data specifically demonstrating that chlorpyrifos-can be bioactivated
in the brain, the main target organ of this compound. However, there are data from “in situ”
experiments in rats that show bioactivation of parathion (another insecticide of the

“organophosphorothioate class) in the brain in the intact organism (Chambers et al., 1989 and
1991). Buratti et al. (2005) hypothesized that independent of the chemical structures,

~ organophosphorothioates are bioactivated by the same CYP450s. Since chlorpyrifos is
bioactivated less efficiently than parathion by rat liver microsomes (Ma and Chambers, 1994,
1995), it is certainly possible that bioactivation of chlorpyrifos occurs in the brain since very low
desulfuration activity of various phosphorothioate insecticides, including chlorpyrifos, has been
reported in both microsomal and crude mitochondrial fractions from brain (Chambers and
Chambers, 1989). The brain desulfuration activities of these phosphorothioates generally
correlate well with the toxicity and may be important in determining their overall acute toxicity.
levels (Chambers and Chambers, 1989). Thus, extrahepatic sites of activation likely play an
important role in mediating the acute toxicity of chlorpyrifos (Sultatos et al., 1984).

PONI1 is differentially expressed throughout maturation with lower levels in younger animals
being associated with higher acute sensitivity (Mortensen et al., 1996; Li et al., 1997; Karanth

19



and Pope, 2000). The Panel noted that there is less information suggesting that human infants are
more sensitive than adults to chlorpyrifos toxicity because of age differences in PON1-mediated
detoxication. In humans, blood A-esterase is very low at birth and increases for the first two
years of life (Augustinsson and Barr, 1962; Ecobichon and Stephens, 1973; Burlina et al., 1977)
or up to 4 years according to more recent data from large cohorts (Holland et al., 2006).

Errors in the metabolism section of the Agency’s background materials provided to the FIFRA
SAP for this review were pointed out by one Panel member.

b. There are limited data on the metabolic capacity of pregnant animals and pregnant
humans. These limited data on metabolism are supported by some toxicity data in rats. The
Agency believes these studies suggest that pregnant animals and humans may be somewhat
more sensitive to chlorpyrifos than non-pregnant adults to chlorpyrifos. Please comment on
the Agency’s preliminary conclusion and the sczentzf ic support for or against thzs
conclusion.

Panel Response

The Panel agreed with the Agency’s preliminary conclusion that “pregnant animals and humans
may be somewhat more sensitive to chlorpyrifos than non-pregnant adults” based on metabolic
capacity and their effect on levels of key enzymes in modulating chlorpyrifos toxicity. However,
panel members noted that only relatively small differences in levels of the key detoxication
enzymes involved in chlorpyrifos metabolism have been reported. Some panel members
recommended that a direct comparison of the metabolic capacity of pregnant versus non-
pregnant females be performed. Other panel members strongly dlsagreed with this
recommendatlon

The Panel noted that it is not clear why pregnant females would be more susceptible to the
adverse effects of chlorpyrifos than non-pregnant females. The information on toxicity of
chlorpyrifos in pregnant animals is limited and the data on biotransformation of chlorpyrifos in
pregnant females are inadequate. Reports from the American Association of Poison Control
Centers (AAPCC) do not suggest increased susceptibility of pregnant women to chlorpyrifos and
other OPs. The physiological response to pregnancy includes an increased vascular volume
resulting in relevant hemodilution, along with higher cardiac output and increase in liver weight.
These physiological changes may impact liver and serum enzymes involved in chlorpyrifos
metabolism that contribute to some extent in the variability of activity observed during
pregnancy. Most of the gestational studies published so far report that there is greater concern for
the fetus rather than the dam. These studies are inadequate to determine whether the fetus is
more sensitive than postnatal pups. The sensitivity to chlorpyrifos clearly decreases when dosing
occurs with increasing age in postnatal pups. However, the increased sensitivity does not seem
to occur when pups are repeatedly exposed to low doses. In fact, when cholinesterase activity,
muscarinic receptor binding, and motor activity changes in response to the antimuscarinic drug
scopolamine were compared in juvenile and adult rats treated repeatedly with chlorpyrifos,
adults showed more extensive changes (Chakraborti et al., 1993). As noted before, this may be
due to more rapid synthesis of acetylcholinesterase molecules in tissues from younger animals
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between exposures, thus leading to lesser accumulation of inhibition across exposures in the
younger animals.

The Panel discussed the biological significance of the possible changes in metabolic activity
during pregnancy relative to expected toxicology outcomes. In humans, the main three CYP450
isozymes that metabolize chlorpyrifos are CYP2B6, CYP2C19, and CYP3A4. The net effect of
these isozymes on the balance of desulfuration/dearylation is unknown since CYP2B6, CYP3A4
and CYP1A2 promote the activation of chlorpyrifos to chlorpyrifos-oxon whereas CYP2C19
detoxifies the oxon by means of a dearylation reaction. Whereas, CYP3A4 increases during
pregnancy, CYP2C19 decreases (Anderson, 2006) and no data on CYP2B6 in pregnant women
are available. Pregnancy-induced decreases in levels of the CYP2B1/2 protein, which is the
orthologous form of human CYP2B6, has been reported in rat liver but this is not accompanied
by a statistically significant decrease in pentoxyresorufin O-dealkylase (PROD) activity (Czekaj
et al., 2000).

Review of the literature indicates that there appears to be a reduction in the activities of several
enzymes potentially important in the detoxication of chlorpyrifos associated with pregnancy,
including PON1, carboxylesterases and blood cholinesterases. The Panel agreed with the
Agency that the “importance of the decreases (in detoxifying enzymes) is unknown at
environmental exposures.” Although the importance of these decreases under low environmental
exposures is not known, decreases during pregnancy may indicate a corresponding reduced
capacity to detoxify chlorpyrifos. While the enzymes mentioned above are expected to have
lesser (or perhaps no significant) role in modulating toxicity with low level exposures, the
limited evidence does suggest a potential for an overall reduced capacity to detoxify chlorpynfos
during pregnancy

2. Cholinesterase Illhlbltlon (Issue Paper Section 3.2, Appendix B):

The Agency has reviewed numerous studies submitted for pesticide registration and from the
literature in animals and human on the AChE-inhibiting effects of chlorpyrifos in blood and in
the peripheral and central nervous system.

a. Regarding inhibition of AChE, the Agency has preliminarily concluded that post-natal
studies in rat support the conclusion that juveniles are more sensitive than adults. The Agency
has further concluded that sensitivity is greatest in younger pups and decreases as pups mature
towards adulthood. Please comment on these Agency’s preliminary conclusions and the scientific
support for or against these conclusions.

Panel Response

The Panel agreed with the Agency’s conclusion that post-natal rats are more sensitive than adult
rats with respect to increased AChE inhibition and lethality following acute exposures. A -
number of studies have consistently shown that juvenile rats are more sensitive than adults to
cholinesterase inhibition and cholinergic signs of toxicity following acute doses of chlorpyrifos
exposure. In addition, several studies show a gradient of sensitivity to acute chlorpyrifos in rats
during postnatal maturation. This greater sensitivity appears due to a lower detoxication capacity
and as these capacities develop, the rats become more aligned with the lower adult sensitivity.
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However, this greater sensitivity may be true mainly for high dosages because of the saturation
of the detoxication mechanisms. This difference in sensitivity (measured as acetylcholinesterase
inhibition) between juveniles and adults is less likely to be apparent at low environmentally
relevant dose levels because the detoxication mechanisms will not be saturated. Some on the
Panel felt that physiologically-based pharmacokinetic/pharmacodynamic (PBPK/PD) models are
likely to be of greatest value in predicting such age-related differences over a span of dose levels.

The Panel, however, did not support the suggestion that post-natal rats are more sensitive than
adult rats under repeated exposures. The timing of the measurement of cholinesterase inhibition,
as well as, the timing between exposures can be pivotal in the degree of inhibition observed.
Results in juveniles can be confounded by their higher capacity to synthesize of new AChE
molecules. For example, Chakraborti et al. (1993) reported that juvenile rats are less sensitive
than adults under subacute chlorpyrifos dosing (i.e., 40 mg/kg/day, every four days for 4 doses).
Four days after the last exposure, adult rats showed 90-92% inhibition of brain cholinesterase
while juvenile rats show only 54-59% inhibition. Greater inhibition of brain cholinesterase in
adults was correlated with more extensive reductions in muscarinic receptor binding. These
receptor changes were correlated with enhanced locomotor responses to the antimuscarinic drug
scopolamine in adults only, out to eight weeks after the end of dosing. Thus, under these
conditions, adults appear markedly more sensitive to cholinesterase inhibition and cholinergic
effects of chlorpyrifos. Liu et al., (1999) report that repeated, da11y chlorpyrifos exposures (5 -
mg/kg/day, for 14 days) were assomated with relatively similar degrees of brain AChE inhibition
between juveniles and adults 1 day after either the 7th or 14th dose, but more extensive
inhibition was noted in adults 8 days after termination of dosing,. Relatively similar changes in
muscarinic receptor binding were also noted between age groups following daily exposures.
Together, these studies illustrate the ability of brain cholinesterase to more effectively recover
between repeated doses in pups and the possibility of relatively more extensive cholinergic
responses in adults following repeated chlorpyrifos dosing under the same condltlons (repeated,
“low” dose exposures).

Overall, the Panel decided that a conclusion of greater sensitivity to cholinesterase inhibition in
juvenile rats-compared to adult rats only holds for acute high exposure situations. When acute
exposures occur at environmental concentrations and/or under repeated (low-level) exposures;
however, many on the Panel believed that higher sensitivity in younger animals under
“environmental concentrations” would be unlikely. Other members stated that this conclusion
cannot be made without having a better idea of the meaning of “high exposure level situations”
or “environmental concentrations.”

b. There are multiple gestational studies available which provide AChE data in dams
and/or fetuses. These gestational studies have consistently shown that AChE inhibition observed
in the dam is greater than in the fetus. These studies suggest that the dam serves to protect the
fetus. However, TK gestational studies have shown that fetal tissues have similar or higher levels
of chlorpyrifos and/or its metabolites than the dam. In addition, multiple studies have shown that
recovery from AChE inhibition is more rapid in juveniles compared to adults. This rapid
recovery combined with production of the AChE enzyme as the rats mature leads to less AChE
inhibition observed in the juveniles. The Agency has preliminarily concluded that AChE
inhibition data from repeated dosing gestational studies showing less inhibition in fetuses may
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not reflect the true potential toxicity to the fetus. Please comment on the Agency’s preliminary
conclusions and the scientific support for or against this conclusion.

Panel Response

The Panel agreed with the Agency’s preliminary conclusion regarding observations of lower
brain cholinesterase inhibition in pups (rats) compared to dams following gestational OP
exposures. However, as noted in the previous question on the findings from the juvenile versus
adult studies, the cholinesterase activity measured depends on the time of sampling relative to
time of exposure. Whether one considers gestational or postnatal exposures, the longer the time
from dosing to measurement of cholinesterase inhibition, the lesser the inhibition expected in
younger animals. If the time between dosing and measurement is held constant and the same for
dams and pups, one would expect lesser inhibition in pups compared to the dam. This is thought
~ to be due to the more rapid synthesis of new proteins including cholinesterase in tissues of
younger animals. Thus, the addition of newly synthesized (uninhibited) cholinesterase molecules
in younger individuals contributes to more effective and rapid recovery of activity.

The Panel also agreed with the Agency’s preliminary conclusion that “AChE inhibition data
from repeated dosing gestational studies showing less inhibition in fetuses may not reflect the
true potential toxicity to the fetus.”” The Panel based its decision after review of those studies
indicating the sensitivity to cholinesterase inhibition at dosages of chlorpyrifos sufficient to elicit
AChE inhibition. One Panel member cautioned about equating AChE inhibition to toxicity, as is
.implied in the Agency's question. Inhibition is a sensitive biomarker of exposure and is a '
precursor to at least some, if not all, of the adverse acute effects of AChE organophosphates. In
addition, there can be no cholinergic toxicity without previous AChE inhibition. Lassiter et al.
(1998) confirmed less inhibition of brain cholinesterase of pups treated daily with chlorpyrifos (7
mg/kg/day) from GD14-18, when assayed from 2 to 48 hours after the last dose compared to =~
peak inhibition measured at 5 hours after a single dose of chlorpyrifos (10 mg/kg) on GD18.
Relatively similar inhibition was noted in both dam and fetus (approximately 40% in the fetus
and 50% in the dam) for the acute dose treatment. Hunter et al. (1999) also found that peak -
AChE inhibition was 5 hours for the dam and fetus and this paralleled the time of peak TCP
levels in the brain.

Lassiter et al. (1998) considered several mechanisms for differential ChE inhibition, but
concluded that more effective recovery of enzyme activity following each daily exposure in the
fetal tissues prevented accumulation of ChE inhibition, while slower recovery of activity in the
maternal brain allowed increased ChE inhibition throughout the dosing period. This is essentially
the same mechanism described earlier in postnatal pups to explain the lesser cholinesterase
inhibition and effects on other cholinergic markers in pups as compared to adults that were
treated at subactute doses with chlorpyrifos (Chakraborti et al., 1993). The recovery of inhibited
AChE, i.e., the apparently lower level of AChE inhibition in juveniles compared to adults, is
very likely due in large measure to greater synthesis of new AChE molecules during growth. In
animal studies, it would be unlikely that significant “synthesis of new AChE” would occurina 5 .
hour window to a level such that it would alter AChE activity and give the impression of less
inhibition. In fact, AChE activity in control animals changed very little between 2, 5, and 10
hours following exposure as reported in Lassiter et al. (1998). Thus, AChE measurements prior
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to 5 hours may be an accurate reflection of the amount of AChE inhibition, but AChE
measurements beyond that point are subject to question. .

The Panel agreed that the timing of the AChE assay following exposure may be less important
when evaluating the degree of cumulative inhibition in dams following repeated dosing, but
critical when evaluating the more rapid inhibition and recovery in the fetus or pup. A more
accurate assessment of AChE inhibition in the growing juvenile could be determined if the
timing of the sample collection were closer to the time of peak effect and if more interim
sacrifices were used in these experiments. Some on the panel recommended more studies to
examine AChE inhibition resulting from lower doses of chlorpyriphos in dams and developing
neonates/pups, at more time points, as Well as more carefully quantifying AChE proteln levels as
well as AChE inhibition.

Regardless of whether there was recovery of AChE inhibition or increased AChE synthesis, this
event is expected to be of little consequence at levels of exposure that are below those inhibiting
the target enzyme. It was pointed out that the human fetus is slower developing than the rat, so
rapid synthesis would not be present. Some Panel members felt that in the human fetus there
would be no inhibition at all at environmentally relevant levels of exposure. But another
member indicated that inhibition might be a concern for exposures experienced by agricultural
workers. Many agricultural workers are women and some of those may be pregnant when
exposed to higher levels. One Panel member stated that predicting the toxicological effects in
humans based on the available data is too risky based solely on animal studies.

3. Laboratory Studies on the Developing Brain (Issué Paper Section 3.3, Appendix
0): : A

The Agency has performed a literature review of in vivo and in vitro studies on the effects of
chlorpyrifos on the developing brain.

a. From a review of laboratory animal studies, the Agency has preliminarily concluded
that gestational and early postnatal exposure at sufficiently high exposures to chlorpyrifos can
lead to neurochemical and behavioral alterations persisting into adulthood after any initial AChE
inhibition has reversed. The Agency has put particular emphasis on the behavioral data because
studies are available from multiple laboratories. Please comment on the Agency’s preliminary
conclusions and the scientific support for or against this conclusion.

Panel Response

In general, the Panel was in agreement with the preliminary conclusions made by the Agency.
The preliminary scientific findings and conclusions are supported by the review of the in vivo
neurobehavioral data from multiple laboratories on two mammalian species (i.¢., rat and mice) of
gestational exposure and/or early postnatal exposure to chlorpyrifos. The Panel concluded that
independent of the exact time frame of the gestational or postnatal exposure, only doses of
Img/kg or greater demonstrate significant effects on behavior. However, only two studies to
date (Maurissen et al., 2000; Jett et al., 2001)-have examined developmental effects at the lower
dose level of 0.3 mg/kg, and neither study is considered sufficient (see below). The Panel noted
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that the inclusion of some more recent studies would add to the number of laboratories involved,
as well as increase the number of neurobehavioral endpoints examined. One panel member
provided a table of studies that supplements the information provided in Table 3 of the Agency’s
issue paper (see Appendlx 1).

Two areas of concern were identified and discussed. The first involved methodological issues in
the studies reviewed. The second was conceptual, and involved the use of the phrase
“sufficiently high exposures” in the Agency’s charge question.

The methodological issues centered on the consistency of behavioral endpoints reported as
significant. The Panel noted that although behavioral findings were consistently found, (refer to -
Table 3, Agency Issue Paper), a somewhat inconsistent set of behavioral changes were reported.
In some cases, motor activity is increased and in others, it is decreased. In learning and memory
tests, etror rate can be increasing, decreasing or not affected under similar treatment conditions.
Increased and decreased habituation was reported with different gestational exposure paradigms.
Gender differences are also reported in some studies. In studies comparing exposure level, lower
dosages sometimes caused greater effects. These inconsistencies likely reflect differences in
route of administration, developmental period during exposure to chlorpyrifos, method used to
measure changes in the same behavioral domain, and/or choice of dependent variable. For
example, motor activity can be measured by distance traveled in an open field and electronically
by beam breaks. Moreover, different studies use different types of testing chambers, or number
of crossings in an elevated plus maze. The use of several detection methods for motor activity

- may present difficulty in comparing across studies, especially with respect to younger animals.
Concerns were also raised about the high level of variability of measurements and its effect on
such endpoints as the mean startle response (see Maurissen et al., 2000).

While the Agency put particular emphasis on the behavioral data, primarily because it is
-available from multiple laboratories, all related data were considered in identifying long-term
changes in the nervous system. With respect to the Maurissen et al. (2000) study, the Panel
raised concerns on the use of static morphometrics to evaluate a dynamically changing brain
structure. Measurement of the hippocampal dentate granule cell layer at postnatal day 12 would
potentially capture a structural assessment of a region with poorly defined landmarks at a time
when the neurons are undergoing an active period of migration. In the adult brain, morphometric
measurements of the cortical regions displayed about 10% variability, a level expected to be
within the normal variability for such crude measurements. Unbiased stereology is
recommended by the Panel to address questions of regional volume or cell number.

Several Panel members specifically noted methodological shortcomings in the Jett et al. (2001)
study. Although it is only one of two studies to investigate behavioral changes after a dose of 0.3
mg/kg of chlorpyrifos, there were significant problems with respect to the training paradigm i.e.,
the Morris water maze [MWM]. Animals were not tested to asymptote and only 60% learning
was evident in the control group. Neurochemical data indicated that AChE inhibition was not
observed at a dose of 7 mg/kg, a finding at odds with other published studies. In addition,
behavioral changes were noted for the 0.3 mg/kg/dose only when dosing continued during
testing. This represents a confounding factor in determining the acute versus development
effects of chlorpyrifos.
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The Panel agreed with the. Agency’s expressed caution about the use of DMSO as a vehicle
because of its intrinsic toxicity and influence on absorption. In addition, the "observed signs of
discomfort” in pups injected with DMSO reported by Marty et al. (2000), and more recently by
Carr and Nail (2008), raised concerns about the use of this vehicle in developmental studies. An
additional concern was raised by the Panel concerning the influence of DMSO on the toxicity of
the compound under study. Ballough et al (2008) reported that DMSO, administered at levels
below those used in many developmental chlorpyrifos studies, enhanced the toxicity of soman by
exacerbating the neuropathology caused by soman-induced seizures. The interaction of DMSO
and soman, an OP, raised concerns about a possible DMSO-chlorpyrifos (also an
organophosphate) interaction in developmental studies. Additional concerns were raised
regarding both DMSO and ethanol as vehlcles used not only in the in vivo studies, but also in the
in vitro studies.

There was also discussion about the varied routes of administration (ROA) of chlorpyrifos used
for developmental exposure. The Panel noted that each ROA used presented drawbacks and
most if not all were stressful. It was generally agreed that the subcutaneous ROA was valid for
gestational exposure. Moreover, despite a variety of routes used in the literature, there are -
consistent reports of long-term behav10ra1 changes in offspring after recovery of cholinesterase
inhibition.

The Panel noted that many of the papers cited by the Agency do not link exposure periods to
chlorpyrifos with structural changes occurring in the developing brain. While the EPA
developmental neurotoxicity guideline studies defined a broader period of developmental
exposure, more recent studies from the peer-reviewed literature have attempted to demonstrate
that there are distinct developmental windows of vulnerability. While effects of chlorpyrifos can
be detected in the older animal a direct linkage between the developmental window with regard
to the stage of brain development and endpoints examined was ill-defined. It was suggested that
a more specific examination of the critical events occurring at the time of exposure and the
specific targeted endpoints of interest would be a valuable contribution to the literature. Such
data would be particularly important to distinguish cholinergic versus non-cholinergic modes of
action for specific adverse effects. Clancy et al. (2007) and the website,

. http://www.translatingtime.net, were suggested as potential resources for the design of such
studies with respect to timing of brain development.

The Panel indicated that the phrase “at sufficiently high exposures™ is open to interpretation.
Overall, it was interpreted by the Panel in this meeting to refer to studies in which the exposure
level was within a dose range expected to inhibit brain AChE. The majority of studies reviewed
by the Agency focused on an exposure near 1 mg/kg/day, a level generally sufficient to inhibit
brain acetylcholinesterase in most treatment/age groups studied, and which produce behavioral
alterations. However, measurements were often obtained at a single time point post-dosing and-
at a time when the period of peak inhibition may be missed. The availability of dose-response
data was limited and in some studies the calculated levels of inhibition were not consistent with
the predicted levels of inhibition for high dose exposure. Studies examining critical
developmental periods for exposure were primarily focused on dose levels expected to produce
ACHE inhibition. Given the nature of the gestational exposure studies, the use of fetuses for
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neurochemical analysis is limited. Given the critical role of the cholinergic system for brain
development, the lack of sufficient data to support the absence or presence of enzyme inhibition
is a significant problem in the interpretation of the results from many of these developmental
studies. The inherent problems in assessing brain AChE inhibition during development and the
type of measurements needed for the assessment were noted in the Agency’s document. The
Panel noted that it is possible that the morphogenic role of AChE may alter aspects of brain
development and neurogenesis, even in the absence of detectable levels of inhibition.

The critical point stressed was that dosages considered “sufficiently high” to elicit
neurobehavioral disruption into adulthood would also be anticipated to affect the target enzyme
for the common mechanism of toxicity for chlorpyrifos and other organophosphate insecticides.
Whether any such changes were initiated by early inhibition of acetylcholinesterase remain
unclear. :

Errors in the Agency’s Issue Paper described below were noted.

.1) Section 3.3.1, page 44, paragraph 3. The behavioral effects in the Maurissen et al. (2000)
study are only limited to an increased latency to peak response in the auditory startle
response that was independent of the dose of chlorpyrifos. The Agency interpreted the

~ data to mean that there was both a decreased amplitude and increased latency at PND 22.
2) Section 4, page 16, paragraph 4.There is no dose-response for effects of ketanserin on
reference memory since increased errors were observed in the low and high dosages but
not the medium dosage. '

b. Consideration of the mode of toxic action is an important component of risk
assessment. The International Programme of Chemical Safety (IPCS) and International Life
Sciences Institute Risk Science Institute (ILSI RSI) have developed a Mode of Action
(MOA)/Human Relevance Framework which provides structure and transparency to MOA
analyses (Meek et al., 2003; Seed et al., 2005 and Boobis et al., 2006). IPCS have combined and
extended these components to produce a unified Human Cancer Relevance Framework (IPCS
HRF). In this approach, involvement of a series of key events in the MOA is established on
weight-of-evidence, using criteria based on those described by Bradford Hill, taking account of
factors such as dose-response and temporal concordance, biological plausibility, coherence and
consistency. Other MOAs that logically present themselves also should be considered. Once an.
MOA is established, qualitative and quantitative comparison of each key event between the

~experimental animal and humans enables a conclusion as to likely relevance of the MOA for
human risk. In the case of chlorpyrifos, the Agency has considered the available mechanistic data
but has not evaluated these data in the context of MOA/human relevance framework. It has been
initially determined that there are insufficient data to develop a series of supportable key events
(as in a mode of action analysis') for neurodevelopmental toxicities other than AChE inhibition.
The Agency notes a particular lack of data on dose response and temporal concordance that are
critical in a MOA framework analysis. There may be other mechanisms which lead to effects on
the developing brain but a supportable mode of action(s) can not be elucidated at this time.
Please comment on the Agency’s preliminary conclusions and whether there is sufficient

! For information on the Mode of Action Framework, see U.S. EPA ,1999, 2005; Sonich-Mullin et al., 2001; Meek
et al., 2003 ; Seed et al 2005 and Boobis, et al, 2006
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scientific information to merit a full mode of action framework analysis. If a mode of action
[framework analysis is pursued, what would be the biologically plausible hypotheses to evaluate?

Panel Response

There was a consensus of the Panel that available data were inadequate to support a weight of
evidence evaluation for non-cholinergic mode(s) of action for the behavioral alterations
following gestational and early postnatal exposure to chlorpyrifos that persisted into adulthood.
The Panel agreed that the available information does not allow for behavioral endpoints to be
considered as a point of departure and recommended, based upon currently available data, that
cholinesterase inhibition be used as the PoD.

Pointed out at the beginning of the discussion of this charge question was the fact that a mode of
action/human framework analysis requires consideration of testable hypotheses with identified
key events in a causal pathway. It then requires comparison of systematic analyses of traditional
criteria for weight of evidence for each of these hypotheses including consistency, dose-response
.and temporality among early key and end events, biological plausibility and coherence; all of
which requires expert multidisciplinary input. The framework, therefore, focuses attention early
on key events that can be compared between species and how they are quantified, ultimately
critical points in driving the dose-response relationship. While the structured analysis contributes
to increased transparency in weight of evidence in risk assessment, it is also helpful in framing

.research relevant to risk assessment and permits iterative dialogue between the research and risk
assessment communities, as a basis to generate more appropriate data.

The data presented in Appendix C of the Agency’s issue paper summarizes the studies on
persistent behavioral changes in adults following gestational and early postnatal exposure as well
as selected in vivo and in vitro studies on the interaction of chlorpyrifos with several
neurochemical parameters. The Agency noted in its issue paper that during development of the
brain, acetylcholine plays a role in morphogenesis, and AChE may alter aspects of neurogenesis
in the absence of a detectable level of inhibition using current methods. The Panel indicated that
there is a large amount of variance presented in many of the studies, a lack of dose response for
many of the proposed targets, and a lack of reports of altered targets from more than one lab.
The Panel concluded that these studies were not inclusive, coordinated, nor conducted in the
context of hypothesis testing for mode of action. Rather they were conducted principally for
generating testable hypotheses. Without clearly defined and testable hypotheses we are left with
uncertainty about whether the long term behavioral changes occur downstream from AChE '
inhibition or independently of it.

Specific points were raised regarding the question of mode of action. In Figure 5 of the issue
paper, the Agency cites Slotkin et al. (2006) to suggest possible mechanisms for how
chlorpyrifos may elicit neurodevelopmental effects. The Panel did not find enough information
from the Slotkin et al. (2006) paper to determine if chlorpyrifos directly interacts with the
molecular components of the proposed pathways that could then lead, in a causal manner, to
subsequent neurobehavioral changes. Panel members determined that it was generally unclear in
what way the animal studies exhibit “qualitative similarities” to findings reported in children.
The animal studies do report neurobehavioral changes in rats and mice following prenatal or
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postnatal chlorpyrifos exposures at levels that would be expected to inhibit cholinesterase. These
“sufficiently high” exposures may lead to persistent neurobehavioral effects under some
conditions, but “qualitative” similarities to neurodevelopmental findings reported in children are
difficult to equate.

There are several facets of data evaluation that may need to be examined with respect to effects
on serotonin, G-proteins, macromolecules, neurotrophic factors etc. by developmental exposure
to chlorpyrifos. For the most part, the effects seen on these systems following chlorpyrifos
exposure are modest, and many represent less than a 25% change from control values/levels.
These changes were often sex specific and dependent upon the time of exposure and
measurement. Although there is always the possibility that such modest changes in
neurochemistry and biochemistry will have a significant impact on behavior, replication and
validation across laboratories are required. Some Panel members agreed with the Agency’s
conclusion that, given the effects on learning and memory, characterization of glutamate N-
methyl-D-aspartic acid (NMDA) and alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors would be important endpoints in assessing the developmental
neurotoxicity of chlorpyrifos. '

The use of morphometric measurements of brain regions was questioned with regard to age, i.e.,
regional measurements were conducted during an active period of brain development resulting in
the lack of discrete structures due to neuronal migration. The diffuse structural features at early
postnatal ages, e.g., PND12, would confound the ability to obtain an accurate measurement. In-
addition, in the mature animal a change within the range of 10% for such a crude measurement
would be expected to be within the normal variability of control tissue. One panel member
indicated a preference for the use of unbiased stereology in obtaining structural measurements of
discrete brain regions. However, this approach would also be hindered during early postnatal

~ development. Unbiased stereology is a well established method for determining cell number and
tissue volume and has been used in developmental, aging, and pharmacological studies. An
additional concern was raised in that changes often occur in the network organization of the
brain rather than gross cell death. A number of different neural and vascular cell types can be
influenced by acetylcholine during development and such effects may not involve cell death but
rather a structural or functional alteration. While standard histological assessement of
hemotoxylin and eosin stained sections accurately detect cell death and general organizational
features of the brain, neither it nor morphometric measurements would detect less than gross cell
loss occurring prior to such assessment. Nor would such a standard approach detect changes in
the non-neuronal cells within the brain, such as the various glial populations. Additionally,
developmental neurotoxicity can be associated with changes in the synaptic organization of the
various brain regions and the normal temporal pattern of apoptosis and synaptic pruning, -
differentiation of radial glia, neuronal migration, synapse stripping, maturation of the resident
brain monocytes, the microglia, and the brain vascular system. Thus, to determine low-dose
effects for any chlorpyriphos will require more sophisticated methods of analysis.

One Panel member took issue with the material in Section 9: Problems with studies from the
literature, and in particular with Paragraph 5, Page 28 (see Agency’s issue paper) which states
“An aspect of some of the irn vivo studies discussed above is that no AChE inhibition was
detected during the windows of exposure at the dose level used. This is especially true for
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gestational exposures. This suggests that some other target was affected by chlorpyrifos orits
oxon.” As stated repeatedly in Appendix B, AChE activity increases rapidly in gestational and
neonatal animals and, in many studies, especially the gestational studies, the time of assay does
not coincide with the time of peak inhibition. Thus, unless a time course of AChE inhibition is
performed and clearly demonstrates that there is no AChE inhibition, the claim of no inhibition
or low levels of inhibition may not be accurate.

Some panel members suggested that the recent review of chlorpyriphos toxicity by Eaton et al.
(2008) provided a basis for considering possible non-cholinergic modes of action. The serine
hydrolase enzyme KIAA1363 is important in an ether lipid signaling network involving platelet
activating factor, and is highly expressed in cancer cells. In vitro studies demonstrated that this
enzyme was inhibited by chlorpyrifos-oxon (IC50* = 8 nM) within the range of AChE inhibition.
in vivo, a 98% inhibition of AChE and lethality due to chlorpyrifos-oxon administration resulted
in a 39% inhibition of brain KIAA1363 (Nomura et al., 2006). The relative changes have not
been reported for lower dose levels thus, a direct causative role in the toxicity of chlorpyrifos has
ot been identified. So while KIAA1363 may serve as an important detoxication mechanism, as
is supported by the increased toxicity in knockout mice (Nomura et al., 2000), it does not
necessarily indicate that this enzyme is a target for “mode of action.”

At dose levels significantly lower than any previously reported effects, chlorpyrifos induced the
phosphorylation of cAMP response element binding (CREB). This transcription factor plays a
role in synaptic plasticity and in cell survival and differentiation. In primary cortical or
hippocampal neurons, pCREB was elevated following dosing with chlorpyrifos, 0.06 nM and 1-
10nM, respectively (Schuh et al., 2002). No effect was observed in primary cortical astrocytes.
Schuh et al. (2002) speculated that, rather than indicative of neurotoxicity, the elevation in
'PCREB represents a neuroprotective response to metabolic stress in neurons. Some Panel
members felt that the studies cited in Eaton et al. (2008) (specifically Table 14 and related text)
could be useful to the Agency in evaluating potential alternative modes of action.

Collaboration between EPA and developmental neurotoxicologists may help define research
needs for identifying alternative neurotoxic processes involved in the developmental
neurotoxicity of chlorpyrifos. At a minimum, such studies would require testing multiple doses
of chlorpyrifos between 0.05 and 1.0 mg/kg to set the high dose for expected AChE inhibition.
Such data can then be used to determine level of cholinesterase inhibition and related changes in
brain development. This may require additional methods development for detection of targeted
brain regions or cellular localization. The data set can then be used to identify cholinesterase
inhibition or an alternative mode of action for developmental neurotoxicity of chlorpyrifos. Low
dose level effects reported for in vivo developmental effects require replication as well as the
extremely low-dose in vitro activation of CREB. Inclusion of data on multiple carboxylesterase
activities and in localized brain regions are major requirements for future studies.

21C50 (Isolated Cortical) refers to the concentration of chldrpyrifos in cell culture that produced the observed effect
(in this case an increase in CREB) in 50%-of the neurons.
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4. Epidemiology Studies in Children and Mothers (Issue Paper Section ‘3.4,
Appendix D): ' '

The Agency has evaluated epidemiology studies from three major cohorts: the study sites are: (1)
Columbia University, NYC, (2) Mt Sinai, School of Medicine, NYC, both with multi-ethnic
urban low income women and infants, and (3) University of California at Berkeley (Center for
Health Assessment of Mothers and Children of Salinas, CHAMACOS) with women and their
children from farm worker populations. '

~ a. The Agency believes that all three studies provide valuable information on the effects
in children of high exposures to pesticides, particularly OPs. For purposes of evaluating human
health effects of chlorpyrifos, the Columbia University studies provide more robust information
for evaluating the human health effects of chlorpyrifos because it measured chlorpyrifos rather -
than a metabolite in both environmental (air) and biologic media (maternal and cord blood) and
- showed that chlorpyrifos was significantly associated with birth outcomes (low birth weight and
length) and neurodevelopmental outcomes that were no longer present when the residential uses
were cancelled (i.e., conducted a pre- and post-residential cancellation analysis). Although the
results reported by the Mount Sinai group are informative with regard to evaluating the relevance
of PONT status in health outcomes, this study is limited because the neurodevelopmental
outcomes were linked to non-specific OP maternal urinary metabolites (DAP, DEP and DMP),
rather than the chlorpyrifos-specific metabolite TCP. The exposure of the CHAMACOS to many
OPs reduces its usefulness in the chlorpyrifos risk assessment because the outcomes can not be
specifically linked to chlorpyrifos exposure. Please comment on the Agency’s preliminary
conclusions on each of the three cohorts regarding the degree to which the data informs the
chlorpyrifos human health risk assessment. Please also comment on the scientific support for or
against these preliminary conclusions.

Panel Response

Overall, the Panel agreed with the Agency’s conclusion that although each of the three studies
(Columbia, Mt. Sinai, and Berkeley) provide valuable information, the Columbia study is the
most robust and appropriate for informing risk assessment with respect to the exposure
(chlorpyrifos), outcomes (birth and neurodevelopmental), and population (neonates and children)
being addressed by the Agency’s evaluation. To be precise, the Columbia study was not
‘necessarily a more robust epidemiological study, but it directly measured chlorpyrifos exposure
as opposed to the Mt. Sinai and Berkeley studies where metabolites not specific to chlorpyrifos
exposure were measured and reported, including those of other OPs and carbamates. The use of
the term “high exposure” in the phrasing of the question was questioned because although the
exposures in these studies may be high for residential settings, they are not high when compared -
to agricultural worker and pesticide handler populations. '

The Panel noted that the conclusions of the Agency are supported by the following information:
e All three studies are prospective cohorts with relatively low loss to follow-up and are

conducted by respected researchers using widely accepted protocols with results
published in peer-reviewed journals.
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