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I. SUMMARY

LLA. INTRODUCTION

Imidacloprid is a neurotoxic insecticide, which belongs to the class of the neonicotinoid
pesticides. Imidacloprid is registered to control insect pests on agricultural and nursery crops,
structural pests and parasites on companion animals. This risk assessment addresses the potential
human health effects arising from exposure to imidacloprid in the food and drinking water. The
exposures from ambient air, occupational activities and residential uses, as well as aggregate
exposures from various combined scenarios, will be subsequently addressed in an addendum to
this document.

Imidacloprid is an agonist of the nicotinic acetylcholine receptor (nAChR) at the neuronal and
neuromuscular junctions in insects and vertebrates. It is structurally and functionally related to
nicotine. The toxicity of imidacloprid is largely due to interference of the neurotransmission in
the nicotinic cholinergic nervous system. Prolonged activation of the nAChR by imidacloprid
causes desensitization and blocking of the receptor, and leads to incoordination, tremors,
decreased activity, reduced body temperature and death. Presently, there is no specific antidote,
which acts as an antagonist to the effects imidacloprid.

Imidacloprid represents the new generation of neurotoxic insecticides, which exhibit more
selective toxicity for insects relative to mammals. Since being introduced in the insecticide
market in 1992, the use of imidacloprid has increased yearly. It ranked as one of the top selling
pesticides in the world in 2001-2002. For the most part, it is replacing the acetylcholinesterase
inhibitors, the organophosphorus compounds and methylcarbamates. Imidacloprid is a Category
II acute toxicant, and thus, is classified as a General Use Pesticide. The U.S. Environmental
Protection Agency (USEPA) developed for imidacloprid an oral chronic reference dose (RfD) of
0.057 mg/kg/day.

In the environment, the principal routes of dissipation for imidacloprid are aqueous photolysis,
microbial degradation and uptake by plants. Imidacloprid is currently listed by the DPR as a
potential ground water contaminant, based on its high solubility in water, mobility and
persistence in soil. The major degradation product of imidacloprid in the environment is
desnitro-imidacloprid.

I.B. TOXICOLOGICAL PROFILE

Pharmacokinetics- Imidacloprid is quickly absorbed by the oral route and rapidly distributed in
nearly all organs and tissues. In rats, the oral absorption was estimated as 92-99%. Imidacloprid
degrades to a large number of metabolites formed by multiple pathways. The same, or similar
metabolites are found in rats, goats and hens. Based on structural considerations, the following
metabolites may be of toxicological significance: 6-chloronicotinic acid, imidazolidine 4- and 5-
hydroxy compounds, olefinic imidacloprid, desnitro-imidacloprid and the nitrosoimine
compound. Metabolites were excreted primarily in the urine as glutathione and glycine
conjugates of mercaptonicotinic acid and hippuric acid. Imidacloprid or its metabolites
penetrated the blood-brain barrier. The parent compound and some of its metabolites have been
detected in milk, meat of goats and hens, and eggs. Pharmacokinetic studies were not available
for a direct determination of the rate of absorption from dermal and inhalation routes.
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Acute Toxicity- Acute toxicity of imidacloprid was examined via the oral route in rats and mice,
and via the inhalation and dermal routes in rats. Mice appeared to be more sensitive to the acute
oral toxicity of imidacloprid than rats. In mice, the median oral lethal doses (LDsj) ranged
between 131-168 mg/kg (Category II oral toxicant). Imidacloprid was classified as Category III
dermal toxicant, Category IV inhalation toxicant and Category IV eye and skin irritant. An acute
(single dose) oral exposure of rats and mice to imidacloprid caused clinical signs characteristic
for nicotine intoxication, such as incoordination, tremors, spasms and respiratory difficulties.
Other symptoms included decreased motility and lethargy. The same clinical signs were
observed in rats following a 4-hour exposure to imidacloprid via the inhalation route.

Subchronic Toxicity- Reduction in body weight was the most common toxic effect observed in
the subchronic oral and inhalation studies in rats, and in oral studies in mice and dogs. The liver
was the principal target organ as demonstrated by the hepatic necrosis or hypertrophy in rats and
dogs, elevated activities of serum enzymes, and alteration of clinical chemistry parameters such
as triglycerides, cholesterol and the blood clotting time. Additional morphological effects
included testicular degeneration in rats and dogs; atrophy of thyroid gland and bone marrow, and
advanced involution of the thymus in dogs. Imidacloprid was a potent inducer of the hepatic
mixed-function oxidases. Subchronic exposure of dogs to imidacloprid resulted in severe
tremors.

Chronic Toxicity- Reduction in body weight was the most common toxic effect in the chronic
oral studies in rats and mice. The principal morphologic effect was thyroid lesions in rats. Mice
developed hypersensitivity to anesthesia after chronic treatment with imidacloprid, suggesting
that imidacloprid may reduce the ability of the animals to respond to an additional challenge with
xenobiotics.

Genotoxicity- Imidacloprid was negative in a battery of genotoxicity tests, including in vitro
gene mutation tests, in Vivo chromosomal aberration tests and tests for DNA damage and repair
capabilities. In mammalian tests in vitro, imidacloprid caused sister chromatid exchange and, at
cytotoxic doses, chromosomal aberrations.

Oncogenicity- In the chronic toxicity/oncogenicity studies there was not sufficient evidence to
indicate that imidacloprid was oncogenic to rats and mice.

Reproductive Toxicity- The reported effects of imidacloprid on reproduction included
disproportionally high number of male fetuses in rats, lower fetal body weight in rabbits and
testicular degeneration in rats and dogs.

Developmental Toxicity- The reported imidacloprid-induced developmental effects in rats and
rabbits included lower fetal body weight, increased resorptions and skeletal alterations.

Developmental Neurotoxicity- Developmental neurotoxicity study (DNT) revealed decreased
body weights, reduced motor activity level and changes in dimensions of brain structures
(reduction in the thickness of corpus callosum and a decreased width of caudate putamen).

I.C. RISK ASSESSMENT

Hazard Identification-
Acute Toxicity: Two acute oral NOELs (No-Observed-Effect Level) were used to address the
acute dietary exposure to imidacloprid. The acute NOEL of 9 mg/kg/day was based on decreases
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in motor activity in adult rats. This NOEL was calculated with the Benchmark Dose (BMD)
approach. It represented the threshold dose LEDs, which caused a 5% reduction in the motor
activity of rats. The NOEL of 9 mg/kg/day was utilized in estimating the risk for acute dietary
exposure to imidacloprid to the general population.

The estimated NOEL for developmental neurotoxicity in rats was 5.5 mg/kg/day, based on
significant decreases in the dimensions of brain structures in postnatal day (PND) 11 pups. This
NOEL was estimated from the LOEL by applying a 10-fold default factor. The ENEL of 5.5
mg/kg/day was pertinent to acute exposures to imidacloprid in women of childbearing age to
protect against fetal exposure

Subchronic Toxicity: The subchronic oral NOEL of 7.3 mg/kg/day was selected to characterize
the risk of subchronic oral exposure of humans to imidacloprid. This NOEL was based on
morphological changes of the liver and the thyroid gland, and tremors in dogs.

Chronic Toxicity: The chronic NOEL of 5.7 mg/kg/day was based on an increase in incidence
and severity of mineralized particles in thyroid gland in rats. This NOEL was employed in
estimating the human risk for chronic dietary exposure to imidacloprid.

Exposure Assessment- This document pertains only to the assessment of the dietary exposure to
imidacloprid. The exposure from ambient air, the occupational exposure and the exposure from
residential uses will be addressed subsequently in an addendum to this document.

Dietary and Drinking Water Exposure: The dietary exposure to imidacloprid residues in food and
in the drinking water was calculated using the deterministic approach (Point Estimate, Tier 2).
The dietary exposure estimates were based primarily on the maximum allowed residue level
(tolerance). The DPR presents the acute Point Estimate exposures at the 95™ and 99™ percentiles.
At the 95" exposure percentile, the estimated acute exposures to imidacloprid ranged from 15
ng/kg/day to 51 pg/kg/day. At the 99" percentile, the exposures ranged from 23 pg/kg/day to 78
ng/kg/day. At both, the 95™ and 99™ percentiles, the population subgroups “Children 1-2 years”
and “All Infants” were identified to receive the highest dietary exposure from imidacloprid. The
high-end exposure mostly reflected residues at the tolerance. Drinking water did not emerge as a
major contributor to the total dietary exposure. The chronic dietary exposures ranged from 1.75
ng/kg/day for Females 13-49 yrs. to 7.41 pg/kg/day for Children 1-2 yrs.

I.D. RISK CHARACTERIZATION AND RISK APPRAISAL

The critical NOELs for characterizing the risk from exposure to imidacloprid were derived from
studies with laboratory animals. The potential risk from exposure to imidacloprid was evaluated
by comparing the MOE (a quotient of the NOEL and the exposure level) to benchmarks. The
benchmark MOE of 100 was generally considered prudent for protection of humans against
imidacloprid toxicity.

Dietary Exposure: The acute dietary MOEs ranged from 175 to 614 at the 95h percentile, and
from 115 to 394 at the 99" percentile. The high-end exposure mostly reflected residues at the
tolerance. Children 1-2 yrs were identified as the most highly exposed population. The chronic
MOE:s to imidacloprid were greater than 770 for all of the evaluated population subgroups.




Risk Appraisal- The main uncertainties with the toxicity of imidacloprid were associated with
(i) the use of animal data to evaluate the toxic effects in humans and (ii) the estimation of the
NOEL, when a NOEL could not be established from a study. In this respect, evidence from the
DNT study in rats, suggested that imidacloprid may affect the neural development. Significant
decreases in the dimensions of brain structures were observed at the dose of 54.7 mg/kg/day at
PND 11. However, the NOEL for developmental neurotoxicity could not be determined, because
pups from intermediate doses (8—19 mg/kg/day) were not included in the evaluation. Assuming
that the LOEL for DNT is 54.7 mg/kg/day, the NOEL could be estimated (ENEL) as low as 5.5
mg/kg/day by applying a 10-fold default factor. The ENEL of 5.5 mg/kg/day might be applicable
to repeated exposures to imidacloprid to all population subgroups. Because decreases in brain
structures could theoretically result from a single exposure in utero, the ENEL of 5.5 m/kg/day
could be used to estimate the risk of acute exposure to imidacloprid in women of childbearing
age.

The uncertainties in the dietary exposure assessment were introduced with the use of the
tolerance as surrogate for residue concentration. The uncertainties in the risk characterization
were associated with the default assumptions for the 10-fold interspecies sensitivity and the 10-
fold variation in the sensitivity within the human population. One specific area of uncertainty is
the use of toxicity thresholds to calculate the acute and chronic MOEs. The chronic dietary
MOEs were estimated based on the chronic NOEL of 5.7 mg/kg/day for thyroid effects in rats.
This chronic NOEL is sufficiently close to the ENEL of 5.5 mg/kg/day for decreases in thickness
of brain structures, and therefore, would be adequate for protection against the potential effects
of imidacloprid on the developing nervous system. The acute MOEs were estimated based on the
acute NOEL of 9 mg/kg/day for decreases in motor activity in rats. Using the ENEL of 5.5
mg/kg/day for women of childbearing age to protect against fetal exposure would result in acute
MOE:s of 366 and 239 at the 95™ and 99" percentiles, respectively.

I.LE. TOLERANCE ASSESSMENT

The tolerance assessment was conducted to estimate the point estimate exposure and risk to a
single label-approved commodity with imidacloprid residues at the tolerance. The DPR estimates
the acute tolerance exposure as the sum of the 95h percentile exposure for the commodity of
concern at the tolerance and a background exposure for all other commodities. The chronic
exposure from total dietary exposures was added as a surrogate for background exposure.

Because of the large number of registered commodities (>270), tolerance assessment was carried
out only for foods with (i) significant impact on the dietary exposure (ii) very high USEPA
tolerances (i.e., >5 ppm), (iii) major uses in California and (iv) high consumption foods for
infants and children. The MOEs were at or above the benchmark of 100 for all of the evaluated
population subgroups for all of the analyzed foods. The lowest MOEs were 170, 175 and 196 for
Children 1-2 yrs and Infants, who consumed tomato paste, spinach and broccoli with tolerance
levels of imidacloprid.
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I.F. CONCLUSIONS

This health risk assessment for imidacloprid evaluated the risk to 16 population subgroups from
potential residues in food and drinking water. Dietary exposures were estimated under acute and
chronic scenarios. The exposure estimates were based primarily on the maximum allowed
residue level (tolerance) as surrogate for residue concentration. The critical NOELs were derived
from studies with laboratory animals; therefore, a MOE of 100 was used as the benchmark to
determine the level of human health protection.

The acute point estimate MOEs ranged from 115 to 614 at the DPR high-end percentiles (95"
and 99th), and thus, were greater than the benchmark MOE of 100. Children 1-2 yrs. and Infants
were identified as the most highly exposed population subgroups, with MOEs of 175 and 195 at
the 95th percentile, and 115 and 128 at the 99t percentile. The acute MOEs were estimated based
on the acute NOEL of 9 mg/kg/day for decreases in motor activity in rats.

The risk from acute dietary exposure to imidacloprid in women of childbearing age requires
further consideration. Evidence from the developmental neurotoxicity study in rats, suggested
that imidacloprid may affect the neural development. The estimated NOEL for decreases in
dimensions of brain structures was 5.5 mg/kg/day. This ENEL might be pertinent to acute
exposures of women of childbearing age to protect for fetal exposure. Based on the ENEL of 5.5
mg/kg/day, the acute dietary MOEs for females 13-49 yrs. would be 366 at the 95™ and 239 at
99'h percentiles, which exceed the general health protective benchmark MOE of 100.

The MOEs for all of the evaluated population subgroups from chronic dietary exposure were
greater than 770, based on the chronic NOEL of 5.7 mg/kg/day for thyroid effects in rats. This
NOEL is sufficiently similar to the estimated NOEL for developmental neurotoxicity (5.5
mg/kg/day), and thus, would be adequate for protection against potential developmental effects
of imidacloprid.

The acute tolerance exposure was calculated as the sum of the 95h percentile exposure for the
commodity of concern at the tolerance and a background exposure. The MOEs for exposure to
tolerance level imidacloprid were at or above the benchmark of 100. The lowest MOEs were
170-196 for Children 1-2 yrs. and Infants, who consumed tomato paste, spinach and broccoli.

The MOEs in this RCD reflect only the risk form the dietary exposure. The potential human
exposures from ambient air, occupational activities and residential uses of imidacloprid will be
subsequently evaluated in an addendum to this RCD. Aggregate exposures to specific population
subgroups from various combined scenarios will also be determined. These additional exposures
will lead to reductions in the MOEs estimated in this assessment. Dietary exposure may have to
be reevaluated using refinements such as measured residue levels from monitoring studies, when
data become available.
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1. INTRODUCTION

Imidacloprid [N-(6-chloropyridin-3-ylmethyl)-2-nitroiminoimidazolidine] is a member of a new
class of pesticides, the neonicotinoid insecticides. It is effective against sucking insects on plants
and companion animals, against turf insects and some beetles. Due to its systemic activity,
imidacloprid is extensively used for soil application, seed and foliar treatment. Like the other
neonicotinoids, imidacloprid shares structural similarity and a common mode of action with the
tobacco toxin, nicotine. The toxicity of imidacloprid is based on interference of the
neurotransmission in the nicotinic cholinergic nervous system. Imidacloprid binds to the
nicotinic acetylcholine receptor (nAChR) at the neuronal and neuromuscular junctions in insects
and vertebrates. The nAChR is an ion channel, which endogenous agonist is the excitatory
neurotransmitter acetylcholine (ACh). The receptor normally exists in a closed state, however,
upon ACh binding, the complex opens a pore and becomes permeable for cations. The channel
openings occur in short bursts, which represent the lifetime of the receptor-ligand complex. ACh
is then rapidly degraded by the enzyme acetylcholinesterse (AChE). In contrast, imidacloprid
bound to the nAChR is inactivated very slowly. Prolonged activation of the nAChR by
imidacloprid causes desensitization and blocking of the receptor and leads to paralysis and death.

Imidacloprid was the first neonicotinoid registered by the United States Environmental
Protection Agency (USEPA) for use as a pesticide. It possesses selective toxicity for insects
relative to mammals and displays a broad spectrum of useful properties. These properties include
high insecticidal potency, control of insects resistant to the major pesticides (e.g.
organophosphates, carbamates and pyrethroids) and efficacy in soil application due to its
mobility from the roots to the upper parts of plants (Kagubu, 2004). Since being introduced in
the insecticide market in 1992, the use of imidacloprid has increased yearly. It ranked as one of
the top selling pesticides in the world in 2001-2002. For the most part, it is replacing the
acetylcholinesterase inhibitors, the organophosphorus compounds and methylcarbamates, which
display higher mammalian toxicity and decreased effectiveness due to pest resistance.

This human health risk assessment for imidacloprid was conducted because adverse effects on
the liver and the thyroid gland were observed following subchronic and chronic exposures. This
Risk Characterization Document (RCD) evaluated the potential health hazard from exposure to
imidacloprid residues in the food and drinking water. The exposures from ambient air,
occupational activities and residential uses of imidacloprid, as well as aggregate exposures from
various combined scenarios, will be subsequently evaluated in an addendum to this RCD. The
toxicological profile was based on studies on file at the DPR, which were submitted for fulfilling
the pesticide registration data requirements under the California Birth Defect Prevention Act of
1984 (SB 950). Published experimental data were also used to characterize the imidacloprid
toxicity. Relevant publications were searched from the electronic databases at the National
Center for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/entrez/query.fegi;
http://toxnet.nlm.nih.gov/). The most recent database search was conducted in November 2004,
and the document was updated accordingly.
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ILA. MECHANISM OF ACTION
I1.A.1. Imidacloprid and the Neonicotinoids

Imidacloprid was discovered in 1984 at Nihon Bayer Agrochem in Japan by screening novel
synthetic compounds for a high affinity to the insect nicotinic AChRs receptors, but with low
toxicity to vertebrate species (Kagabu, 1997). Its molecule includes the insecticidal N-(3-
pyridinyl)methyl group of nicotine and a nitroimine moiety (Fig.1). Because of their structural
similarity to nicotine, imidacloprid and related insecticides (acetamiprid, thiacloprid,
thiamethoxam and nitenpyram) were termed neonicotinoids (Tomizawa and Yamamoto, 1993).
Nicotine possesses only modest insecticidal activity and is not stable for use in the field for crop
protection. Imidacloprid has greater insecticidal activity than nicotine, and its stability is suitable
for field use. Both the neonicotinoids and nicotinoids act as agonists at the nAChR. The principal
differences between the two classes of compounds are that the nicotinoids are ionized at
physiological pH and selective for the mammalian nAChR; whereas the neonicotinoids are not
ionized and more selective for the insect nAChR. The selectivity of the neonicotinoids toward
insects relative to mammals reflects the fundamental differences in the subunit combination and
pharmacological profiles between the nAChR in insects and mammals (for review see Tomizawa
and Casida, 2003).

Figure 1. Chemical Structures of Nicotinoid and Neonicotinoid Compounds.
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I1.A.2. Nicotinic ACh Receptors (NnAChRs) as Target for Imidacloprid

The nAChRs are cation selective ligand-gated ion channels, which are involved in the
physiological responses to acetylcholine. All nAChRs are transmembrane oligomers. They are
made up of homologous subunits, which are encoded by a large multigene family. Most have
significant calcium permeabilities, enabling them to regulate Ca*'-dependent processes. The
functions and pharmacological properties of the nAChRs depend on the subunit composition and
cellular and subcellular distribution.

Vertebrate NAChRs. The vertebrates nAChRs are assembled from five identical or different
subunits. In mammals, the nAChRs are expressed at the neuromuscular junction (muscle
nAChRs), within the central and peripheral nervous system (neuronal nAChRs); and also on
some non-neuronal cells. Subunit composition of these pentameric channels varied between
muscle and brain. In neurons, most nAChRs contain two o and three 8 subunits. The al, B1, v, 6
and € subunits make up heteropentamers in muscle cells (Le Novere and Changeux, 1995; Le
Novere et al, 2002). Nicotine is the typical agonist of nAChRs; bungarotoxin, tubocurarine,
pancuronium and hexamethonium are antagonists for the ganglionic and neuromuscular
transmission. Residues contributing to ACh binding site in vertebrates have been identified and



referred to as loops. Loop F, designated as a negative subsite, is considered to interact with the
quaternary nitrogen atom of ACh and nicotine (Corringer et al., 2000). Imidacloprid has no such
nitrogen (Fig.1). Structural studies predicted that the electron deficient nitrogen atom of the
imidazolidine group of imidacloprid corresponds to the positively charged, protonated form of
nicotine and is likely to interact with the mammalian nicotinic receptors (Matsuda et al., 2000).

At the vertebrate neuromuscular junction and autonomic ganglia, each postsynaptic nAChR
binds two molecules of ACh to form a ligand-receptor complex. This complex then undergoes a
conformational change to open an ion channel, which is permeable to extracellular Na” and Ca*"
and promotes efflux of intracellular K'. At the cellular level, the immediate impact on nAChRs
activation is a cation influx and membrane depolarization (Berg and Conroy, 2002). The most
important long-term consequence of the synaptic signaling is transcriptional regulation. The
nAChR-mediated transcription requires calcium influx and calcium release from internal stores
to initially activate Ca**/calmodulin-dependent protein kinases (CaMKII/IV) and then mitogen-
activated protein kinases (MAPK; Liu and Berg, 1999). These enzymes, in turn, activate
transcription factor CREB, which alter expression of genes involved in transmitter synthesis
(Chang and Berg, 2001; Gueorguiev et al., 2000).

Although nAChRs are expressed in the mammalian CNS, it relies on glutamatergic transmission
as its primary form of excitatory signaling. Current evidence suggests that the physiological role
for nAChRs in the CNS is not as mediators of rapid chemical transmission, but rather as
modulators of synaptic signaling (Sharma and Vijayaraghavan, 2002). In the CNS, the neuronal
nAChRs appear to be involved in complex central functions, including control of voluntary
motion, memory and attention, sleep and wakefulness, reward and pain, and anxiety (Cordero-
Erausquin et al., 2000). In mammals, the acute neurotoxicity of imidacloprid is largely due to
action at the o042 and the homomeric a7 receptors in the brain
(Tomizawa et al., 2001; Shimomura et al., 2002). The CNS effects cause excessive stimulation,
convulsions, seizures then depression and coma. The action of imidacloprid in the brain is very
complex due to its biotransformation to a large number of metabolites with varying stability and
toxicity. One of these metabolites, desnitro-imidacloprid (Fig. 1), is of particular interest,
because it has a nicotinic-type action that prefers mammalian versus insect nAChRs (Tomizawa
and Casida, 1999; Tomizawa and Casida, 2000).

Neuronal-type nAChRs are now being discovered in many non-neuronal cells such as
keratinocytes, bronchial epithelial cells, lymphocytes, chondrocytes, glial cells and astrosytes
(for review see Sharma and Vijayaraghavan, 2002). In some of these cell systems additional
components of the cholinergic signaling have been found, including AChE, ACh and choline
acetyltransferase; but synapses have not yet been identified (Grando, 2001). Calcium appears to
be the major mediator of the nAChR activation and the consequences of receptor activation are
likely to be cell-type specific. Recent findings suggest that nAChRs on non-excitable cells might
regulate cellular functions like cell death and cell migration, in addition to the modulation of
cellular signaling. The presence of nAChRs in non-excitable cells implies a broader scope for
imidacloprid actions, which needs to be considered when assessing its toxicity to humans.

Several human neuropathologies have been linked to genetic alterations of nAChRs genes or
autoimmune disruption of the receptor proteins, including congenital myasthenia, autosomal
dominant frontal lobe nocturnal epilepsy and possibly a schizophrenic syndrome (for review see
Lindstrom, 2002). These receptors are also involved at various degrees in several
neuropathologies such as Parkinson and Alzheimer’s diseases, and Gilles de la Tourette’s



syndrome. Autoimmune responses to specific neuronal nAChR subunits have been found in the
skin disease pemphigus, in which cells of the epidermis lose adherence. However, the most
widespread human pathology associated with neuronal nAChRs is the addiction to nicotine
(Mansvelder and McGehee, 2002).

The physiological role of nAChRs has been investigated in vivo by gene inactivation or
overexpression. Knockout mice of a3 or both B2 and 4 subunits developed a perinatal-lethal
dysautonomia (Xu et al., 1999a,b). Knockin mice with high levels of expression of a4 subunits
died near birth; but at lower levels of expression displayed increased anxiety and poor motor
activity. These phenotypes resulted from hyperactivity of nAChRs in some neurons and death of
other neurons and resembled toxic signs seen after chronic exposures to nicotine and
imidacloprid.

Insect NAChRs. Invertebrates possess a variable number of genes encoding nAChR subunits
(Gundelfinger and Schulz, 2000; Marshall et al., 1990; Eastham et al., 1998). Putative nAChR
subunits have been purified from Drosophila, Musca, Schistocerca and Periplaneta (Tomizawa
et al., 1996; Hanke and Breer, 1986). All known nAChR sequences are of neuronal type, but
differ significantly from the vertebrate neuronal receptors. Novel insect nAChR subunits have
been predicted from the Drosophila genome data (Littleton and Ganetzky, 2000). It is presently
unknown which subunits of the insect nAChR bind imidacloprid.

High affinity [*H]-imidacloprid binding sites were detected in a broad range of insects, including
green peach aphid, cowpea aphid, glassy-winged sharpshooter, whitefly, cockroach, migratory
locust, tobacco hornworm, fruit fly and housefly (Zhang et al., 2000; Tomizawa and Casida,
2003). Both in insects and mammals, imidacloprid appears to act on multiple nAChRs subtypes
with differential sensitivity. The prolonged activation of these receptors by imidacloprid results
in toxicity, typical for cholinergic hyperactivity, e.g. uncoordinated abdominal quivering, wing
flexing, tremor and violent whole body shaking, followed by prostration and death (Schroeder
and Flattum, 1984).

I11.A.3. Imidacloprid Binding Affinity, Agonist Potency and Intracellular Signaling

The potency of imidacloprid for insect brain nAChRs is substantially higher than for mammalian
brain channels. For example, the binding affinity of imidacloprid to Drosophila nAChRs is over
550-fold greater than the affinity to the mammalian 04f32; and imidacloprid is about 900-fold
more toxic to houseflies than to mice (see LDsy values in Table 1; Tomizawa et al., 2000; 2001).
The current model postulates that, unlike the anionic ACh-binding subsite in vertebrates, the
subsite in the insect nAChRs consists of cationic amino acids, which interact with the negatively
tipped nitro group of imidacloprid (Tomizawa et al., 2003). Consistent with this model, minor
structural changes in imidacloprid molecule, such as replacing the =NNO, group with =NH
(desnitro-imidacloprid, Fig. 1), drastically increases the specificity for the mammalian nAChR
subtypes (Tomizawa and Casida, 1999). The imino group of desnitro-imidacloprid is readily
protonated and the resulting positive charge may improve the fit into the mammalian negative
ACh subsite (Matsuda et al., 2000).

The binding affinity and agonist potency of imidacloprid have been reported for several
vertebrate species. Imidacloprid inhibited [*H]-a-Bgt binding and displayed weak agonist effects
in muscle type nAChR from Torpedo electric organ (Tomizawa et al., 1995; Tomizawa and
Casida, 1999). It was an agonist of the nAChRs in mouse N1E-115 neuroblastoma and BC3H1
muscle cells (Zwart et al., 1992; 1994). Imidacloprid activated the rat a42 and a7 ion channels



expressed in Xenopus oocytes, albeit with much lower potency than ACh (Yamamoto et al.,
1998); and displayed a partial agonistic activity with the recombinant chick a4B2 and o7
receptors (Matsuda et al., 1998; 2000). Imidacloprid bound with lower affinity to al, a3, a4 and
a7 nicotinic AChR subtypes compared to its desnitro metabolite (Chao and Casida, 1997;
Tomizawa and Casida, 1999). The reported safety of imidacloprid as an insecticide was
attributed to its high potency on insect AChRs, but poor interaction with vertebrate neuronal
receptors. Clearly, this observation is based on only the toxicity of the parent compound.

Chronic nicotine treatment in Vivo is known to cause an increase in the number (up-regulation) of
nicotinic AChRs in mammalian brain, based on radioligand binding. It has been proposed that
the up-regulation is related to receptor desensitization (Marks et al., 1992; Pauly et al., 1996).
Imidacloprid and its metabolite desnitro-imidacloprid also up-regulated the a4P2 nicotinic
AChR subtype, which represent more than 90% of the high affinity [*H]nicotine binding sites in
mammalian brain. Exposure of a4p2-expressing mouse fibroblast M10 cells for 3 days to
imidacloprid and desnitro-imidacloprid caused up to 8 fold increase of [*H]nicotine binding
(Tomizawa and Casida, 2000). The potency of desnitro-imidacloprid was similar to nicotine,
whereas a 300-fold higher concentration of imidacloprid was required to induce this level of up-
regulation. The active concentrations of nicotine, desnitro-imidacloprid and imidacloprid, which
caused a half-maximal increase in [*H]nicotine binding sites in M 10 cells, were 760 nM, 8§70 nM
and 70,000 nM. The potency order for receptor up-regulation correlated with the in vitro binding
affinities (ICso of 7 nM, 8.2 nM and 2600 nM for nicotine, desnitro-imidacloprid and
imidacloprid, respectively). The correlation between the up-regulation and binding potencies of
the agonists indicated that binding to the a4p2 channels initiated the increase in the receptor
number. Experimental data support the hypothesis that the increased number of receptors is due
to prevention of AChR degradation, rather than an adaptive mechanism to compensate for the
loss of channel function. The biological consequences of the imidacloprid and desnitro-
imidacloprid-induced up-regulation of neuronal AChRs are not known. However, it has been
shown that mice chronically treated with nicotine became tolerant to its acute effects on
locomotor activity and body temperature (Marks et al., 1992; Salminen and Ahtee, 2000).

Electrophysiological studies revealed that imidacloprid induced multiple conductance states of
single channel currents in rat phaeochromocytoma PC12 cells (Nagata et al., 1996; 1998). The
main conductance and subconductance of these currents were similar to those caused by ACh.
Unlike ACh, which evoked currents mainly in the main conductance state, imidacloprid induced
predominantly currents in the subconductance state. Furthermore, imidacloprid acted as a partial
agonist of the nAChRs in these cells. An interesting model was proposed to explain these
findings. Imidacloprid may bind to two different sites on the neuronal nAChRs. One is the
agonist-binding site and the other is the blocking site, which may be located at or near the
channel pore. Imidacloprid may bind to the agonist site and compete with other agonists,
including ACh and nicotine. The binding of imidacloprid to the agonist site generates the main
conductance current. The binding of imidacloprid to the blocking site interferes with ion
permeation, resulting in a partial suppression of the ACh-induced currents. The possible dual
action of imidacloprid as an agonist and antagonist of the mammalian nAChRs needs further
experimental verification.

Neuronal nAChRs activate complex downstream signaling pathways, which are initiated with an
increase in the level of intracellular calcium (Berg and Conroy, 2002). One of the key
components participating in the nAChR signaling is the extracellular signal-regulated kinase



(ERK), also known as mitogen-activated protein kinase (MAPK; Schaeffer and Webber, 1999).
ERK pathway is a necessary intermediate in the signaling from the nAChR toward gene
expression (Chang and Berg, 2001). In neurons, ERK/MAPK cascades regulate important
physiological processes such as cell differentiation, growth and survival, memory processing and
synaptic plasticity (Grewal et al., 1999). The current model for ERK activation is that the
nicotinic cholinergic stimulation triggers an initial cytosolic influx of sodium, creating
membrane depolarization and a subsequent increase in the intracellular calcium concentrations.
Depending on the cell type, calcium serves as a second messenger to activate protein kinase C
(PKC) or protein kinase A (PKA), which in turn trigger the ERK/MAPK cascade to activate the
transcription factor CREB and expression of specific genes (Cox and Parsons, 1997; Dajas-
Bailador et al., 2002). In mouse neuroblastoma N1E cells, imidacloprid, desnitro-imidacloprid
and nicotine activated the ERK cascade. The stimulation of a4p2 receptor was coupled to the
phosphorylation of ERK in a Ca’" and PKC-dependent manner (Tomizawa and Casida, 2003)
Both, desnitro-imidacloprid and nicotine induced phosphorylation of ERK at 1 uM, whereas 100
fold higher concentration was required for imidacloprid to activate the kinase. The potencies of
the three nicotinic agonists in inducing ERK phosphorylation were consistent with their binding
affinities and toxicity. The principal finding of this study was that low concentrations of
imidacloprid and its metabolite affected neuronal functions. The importance of the insecticide-
induced changes in the nAChR signal transduction at the organismal level remains to be
evaluated.

Imidacloprid binding to neuronal nAChRs may be dependent on the phosphorylated state of the
receptors. According to a proposed model for cockroach neurons, the nAChRs can exist either in
a phosphorylated or dephosphorylared form (Courjaret and Lapied, 2001). Increased cAMP via a
calcium/calmodulin (CaM)-sensitive adenylyl cyclase activates PKA, which in turn
phosphorylates and maintains the nAChR in a functional form. In contrast, dephosphorylation,
which is catalyzed by a CaM kinase-regulated protein phosphatase, renders the receptor
nonfunctional. Imidacloprid preferentially bound and activated the phosphorylated form of the
channel. These results indicated that conditions, which alter the nAChR
phosphorylation/dephosphorylation mechanisms, may significantly affect the toxicity of
imidacloprid.

11.B. REGULATORY HISTORY

Imidacloprid was first registered in the Unites States by the USEPA in 1994 as Merit®
insecticide for use on turf and ornamentals (USEPA 1994). Subsequently, it was registered with
the USEPA for use on various food and feed crops, tobacco, ornamentals, buildings for termite
control and on cats and dogs for flea control. Currently, as a Category Il acute toxicant, it is
classified as a General Use Pesticide. USEPA has developed for imidacloprid an oral chronic
reference dose (RfD) of 0.057 mg/kg/day. Imidacloprid is classified as a “Group E” carcinogen,
indicating “no evidence of carcinogenicity in humans” (USEPA 1999a,b; 2003).

USEPA has evaluated the human risk from aggregate exposure to imidacloprid (USEPA, 2003).
The aggregate exposures included dietary exposure to establish tolerances on food commodities,
exposure from drinking water and in residential settings. An occupational exposure assessment
has not been conducted. The USEPA utilized imidacloprid residue levels at the tolerance for its
acute and chronic dietary exposure assessments. The main conclusion from these assessments
was that the aggregate exposure to imidacloprid of the US population, infants and children would



not result in harm. Consequently, tolerances for the combined residues of imidacloprid and its
metabolites containing the 6-chloropyridinyl moiety were established on a large number of raw
agricultural commodities, meat, milk, poultry and eggs (CFR 2003a). There are no CODEX
Maximum Residue Levels (MRLs) for residues of imidacloprid. There are currently Canadian
and Mexican MRLs for imidacloprid on potato, but these MRLs are not equivalent to the US-
recommended tolerance level.

In California, the Department of Pesticide Regulation (DPR) completed a health risk assessment
for imidacloprid in 1993, which evaluated imidacloprid for emergency use on cotton under the
Section 18 of the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA; Lewis et al.,
1993). Based on this risk assessment, the emergency registration of imidacloprid for use on
cotton was approved. Subsequently, in 1997 imidacloprid was registered to control aphids and
whiteflies on cotton.

Imidacloprid has played a significant role in reducing the populations of the glassy-winged
sharpshooter (GWSS, Homalodisca coagulata) in California. GWSS can feed and reproduce on
over 70 species of crop and ornamental plants. This insect is a new pest for California and poses
a serious threat to the vineyards, due to its ability to spread Xylella fastidiosa, the bacterium that
causes the Pierce’s disease in grapes. Vines develop Pierce’s disease when X. fastidiosa
overgrow the water conducting system of the plants (xylem) and blocks the flow of water to the
affected leaves (Bentley et al., 2004). Because of its systemic properties, imidacloprid is
currently one of the few effective insecticides, which is registered to control GWSS in vineyards,
citrus orchards and stone fruit in California.

11.C. TECHNICAL AND PRODUCT FORMULATIONS

Imidacloprid is effective against piercing-sucking and some chewing insect pests of agricultural
crops and pets. It is available as granular and wettable powders, liquid forms and flowable
formulations. It is more efficient as a systemic pesticide (e.g. within the plant) via soil
application or seed treatment, however it is also used as a foliar spray. In the US, Bayer
Agricultural Products is the main producer of the trade name imidacloprid.

As of March 2004, the following products containing imidacloprid were registered in California
for use on food and feed crops: Admire™ 2 Flowable (21.4% a.i.); Merit® Concentrate
Insecticide (75% a.i.), Merit® 0.5 Insecticide (0.5% a.i.), Merit® 1G Greenhouse and Nursery
Insecticidal (75% a.i.), Merit® 2 Insecticide (21.4% a.i.), Merit® 75 Wettable Powder and
Merit® 75 Solupack Wettable Powder (75% a.i.); Gaucho® 480 Flowable (40.7% a.i.),
Gaucho® 600 Flowable (48.7% a.i.), Gaucho® 75 St Insecticide and Gaucho® 75 ST FS
Insecticide (75% a.i.); Provado® 1.6 Flowable (17.4% a.i.), Provado® 75 Solupack Wettable
Powder (75% a.i.); Leverage™ 2.7 (17% a.i.); Marathon® 1% Granular, Marathon® 60
Wettable Powder (60% a.i.) and Marathon II Greenhouse and Nursery Insecticide 21.4% a.i.).

The food commodities on which imidacloprid formulations can be applied are presented in
Tables 17 and 18. In addition, a special local need registration (SLN) of Admire™ 2 Flowable
(21.4% a.i.) was obtained for the use on grape. The product Gaucho TOPS-MZ Potato Seed-
Piece Treatment contains imidacloprid (1.25%) in combination with the fungicide pesticide
mancozeb (6%).

Imidacloprid is currently registered for use on the following residential non-dietary sites:
Granular products for application to lawns and ornamental plants; Ready-to-use spray for
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application to flowers, shrubs and house plants; Plant spikes for application to indoor and
outdoor residential potted plants; Ready-to-use potting medium for indoor and outdoor plant
containers; Liquid concentrate for application to lawns, trees, shrubs and flowers; Ready-to-use
liquid for directed spot application to cats and dogs (Advantage® 9.1% a.i.). The formulation K9
Advantix™ 1is used to control ticks, mosquitoes and fleas on pets and contains imidacloprid
(8.8% a.1.) in combination with permethrin (44 % a.1.).

In addition, there are numerous registered products intended for use by commercial applicators to
residential sites. These include: gel baits for cockroach control (Pre-Empt® cockroach gel bai