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Abstract
The earthworm Eisenia fetida is one of the most used species in standardized soil ecotoxicity tests.
Endpoints such as survival, growth and reproduction are eco-toxicologically relevant but provide
little mechanistic insight into toxicity pathways, especially at the molecular level. Here we applied
a toxicogenomic approach to investigate the mode of action underlying the reversible
neurotoxicity of hexanitrohexaazaisowurtzitane (CL-20), a cyclic nitroamine explosives
compound. We developed an E. fetida-specific shotgun microarray targeting 15119 unique E.
fetida transcripts. Using this array we profiled gene expression in E. fetida in response to exposure
to CL-20. Eighteen earthworms were exposed for 6 days to 0.2 μg/cm2 of CL-20 on filter paper,
half of which were allowed to recover in a clean environment for 7 days. Nine vehicle control
earthworms were sacrificed at day 6 and 13, separately. Electrophysiological measurements
indicated that the conduction velocity of earthworm medial giant nerve fiber decreased
significantly after 6-day exposure to CL-20, but was restored after 7 days of recovery. Total RNA
was isolated from the four treatment groups including 6-day control, 6-day exposed, 13-day
control and 13-day exposed (i.e. 6-day exposure followed by 7-day recovery), and was hybridized
to the 15K shot-gun oligo array. Statistical and bioinformatic analyses suggest that CL-20 initiated
neurotoxicity by non-competitively blocking the ligand-gated GABAA receptor ion channel,
leading to altered expression of genes involved in GABAergic, cholinergic, and Agrin-MuSK
pathways. In the recovery phase, expression of affected genes returned to normality, possibly as a
result of autophagy and CL-20 dissociation/metabolism. This study provides significant insights
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into potential mechanisms of CL-20-induced neurotoxicity and the recovery of earthworms from
transient neurotoxicity stress.

Introduction
Changes in environmental quality and health can be perceived by organisms living in close
contact with the environment. These organisms are often sensitive to xenobiotics introduced
to the environment and can serve as sentinel species for the environment. As sentinel
species, earthworms have been considered one of the best bioindicators or biomonitors for
soil ecosystems owing to their essentially important roles in soil pedogenesis, soil structure,
fertility and terrestrial food chain (1). Earthworms have also been used extensively for
assessing environmental risk and chemical toxicity in laboratory and field settings (2). Two
closely related earthworm families, Eisenia spp. and Lumbricus spp., are commonly used as
test organisms in standardized soil-based toxicity tests as well as filter paper contact tests
(3). Previously, we developed a cDNA microarray and used it to assess gene expression
response in E. fetida exposed to explosive compounds 2,4,6-trinitrotoluene (TNT) and
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) (4–6). In a similar effort, Owen et al. (2008)
made a L. rubellus-specific microarray (7). These represent a recent spike in the use of
genomic tools to discern toxicological mechanisms and discover novel biomarkers in
environmentally relevant species (8–10).

In the present study, we investigated the reversible neurotoxicity of the cyclic nitroamine
compound 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane, commonly known as
HNIW or CL-20(CAS# 1358 5-90-4; molecular formula C6H6N12O12). As a relatively new
nitroamine energetic compound, CL-20 is superior to conventional high-energy propellants
and explosives (11). For instance, CL-20 is estimated 20% more powerful than HMX
(octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine) (12). On the other hand, the potential
adverse environmental impact of CL-20 is of concern as it has been demonstrated to elicit
acute and chronic toxicities in both invertebrates (e.g., earthworms (13;14) and potworms
(15;16)) and vertebrates (e.g., Japanese quail (17)). Although CL-20 does not affect the
growth of higher plants such as alfalfa (Medicago sativa) and perennial ryegrass (Lolium
perenne), it can accumulate in plants and may pose a potential risk of biomagnification
across the food chain (18;19).

The motivation of the present study stems from our previous observations that CL-20, taken
up through dermal contact (20), induces neurotoxicity in E. fetida (13), as reflected in
reduced whole body muscarinic acetylcholine receptor (mAChR) levels and giant nerve
fiber conduction velocity (14). Interestingly, earthworms are capable of recovering rapidly
from the neurotoxicity once removed from the stressor CL-20 (13;14). To further explore
molecular mechanisms underlying the reversible neurotoxicity, we employed a
toxicogenomics approach to interrogating transcriptional response to CL-20 exposure and
recovery. We hypothesized that the neurochemical and electrophysiological changes would
be accompanied by alterations in the expression of genes related to neurotransmission
pathways. To test the hypothesis, a species-specific, high density shotgun oligo array was
developed from nerve tissues and used to profile the transcriptome in E. fetida.
Differentially expressed genes were inferred by statistical analysis and were further
validated using quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR)
assays. Bioinformatics analysis of differentially expressed genes indicated that GABAergic
and other neuro transmission pathways were affected by CL-20.
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Experimental Procedures
Development of nerve tissue-specific Eisenia fetida microarray

A neurological 15K-oligo earthworm array was developed in a shot-gun fashion prior to this
study (see Supplementary Text for detailed descriptions of the development procedure).
Briefly, it involved (1) nerve tissue dissection and total RNA extraction; (2) preparation of
E. fetida cDNA sample for high throughput next generation sequencing; (3) sequence
assembly and oligo array design; and (4) annotation of unique sequences. This array design
has been submitted to the Gene Expression Omnibus (GEO) database
(www.ncbi.nlm.nih.gov/geo/) as platform GPL9416. A total of 15119 non-redundant 60-mer
oligo probes, each targeting a unique transcript, were spotted on this array, of which 8688
probed targets have meaningful annotation (see Supplementary Table 1).

Earthworm exposure to CL-20
A continuous earthworm (E. fetida) culture was maintained as previously described (6).
Prior to exposure, mature earthworms bearing a visible clitellum picked out from the soil-
bedded culture were purged overnight on moistened filter paper. A total of 36 healthy-
looking earthworms weighing 350~450 mg were selected and split into two groups, control
and treated. Exposures were conducted in 120-mL glass vials lined with filter paper. One
mL of CL-20 dissolved in methanol (concentration = 25 mg/L, confirmed by HPLC
analysis) or methanol alone (vehicle control) was spread onto the filter paper and allowed to
evaporate in a ventilated chemical hood for 24 hr. Two mL of distilled water was added to
each vial to moisten the dried filter paper before moving an earthworm into the vial.
Earthworms of the treated group received 6-d exposure to CL-20 (nominal concentration 0.2
μg/cm2) on moistened filter paper, whereas those of the control group to methanol-spiked
filter paper. After the 6-d exposure, half of the earthworms in each group were sacrificed,
while the other half were transferred to new clean vials for a 7-d recovery, resulting in 4
treatment groups (9 worms/group) composed of 6-d control, 6-d treated, 13-d control and
13-d treated (6-d exposure followed by 7-d recovery). Earthworms were not fed throughout
the 13-d duration. At the termination (day 6 or 13), earthworms were measured for
conduction velocity of the medial giant fiber (MGF) using a non-invasive
electrophysiological technique (13;14). Earthworms were then transferred into 6-mL capped
cryogenic vials, snap-frozen in liquid nitrogen, and fixed in RNA later®-ICE (4 ml/worm/
vial, Ambion, Austin, TX).

Array hybridization
Total RNA was extracted from the RNAlater®-ICE-fixed whole worm body using RNeasy
Mini Kits (Qiagen). Six out of nine earthworms per treatment were used to accommodate
three 8×15K custom arrays. Sample labeling and microarray processing were performed
according to Agilent’s protocol “One-Color Microarray-Based Gene Expression Analysis”
(version 1.0). Agilent one-color spike-in RNA mix was diluted 5000-fold and a 5-μL aliquot
of the diluted spike-in mix was added to 500 ng of total RNA sample prior to labeling. The
labeling reactions were performed using the Agilent Low RNA Input Linear Amplification
Kit in the presence of cyanine 3-CTP. The labeled cRNA was hybridized to the custom-
designed shot-gun E. fetida 15K-oligo array (one sample/array) at 65°C for 17 hours using
Agilent’s Gene Expression Hybridization Kit. After washing, each array was scanned at
three different PMT (Photo-Multiplier Tube) gain levels (350, 450 and 510) using a GenePix
4200AL scanner (Molecular Devices, Sunnyvale, CA).
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Microarray data analysis
Raw gene expression data were extracted from scanned array images as spot and
background signal intensity using GenePix Pro 6.1 (Molecular Devices). A spot was flagged
out if its raw median signal intensity was below its background level (median + standard
deviation), or if it was saturated (=65000). A gene was flagged out if over 50% of the 24
samples had missing values for this gene. The filtered data was background subtracted and
log-transformed. The spike-in RNA mix with known composition and RNA copy numbers
was used to construct standard linear regression curves, from which the unknown earthworm
RNA concentrations were derived. Then, the log-transformed RNA concentrations were
normalized to the median value on the same array. The Class Comparison Between Groups
of Arrays Tool as implemented in the BRB-ArrayTools v3.6 package (21) was employed to
infer differentially expressed genes using a multivariate permutation test. We performed all
924 possible permutations for each comparison in the multivariate permutation test to
provide 80% confidence that the number of false-positive genes was no more than 10. The
test statistics used are random variance t-statistics for each gene (22). Although t-statistics
were used, the multivariate permutation test is non-parametric and does not require the
assumption of Gaussian distributions.

Quantitative reverse transcription PCR (qRT-PCR)
PCR primer sets were designed using ABI PRISM Primer Express v 2.0 (Applied
Biosystems, Carlsbad, CA) for a select group of genes identified from analysis of microarray
data and functional annotation. β-actin and 18S ribosomal RNA, both unaffected by CL-20,
were chosen as the reference genes (4). Oligonucleotide primers were synthesized by
Eurofins MWG Operon (Huntsville, AL). The same total RNA samples used for microarray
hybridization were first reverse transcribed into cDNA in a 20-μl reaction containing 1 μg
total RNA, random primers and SuperScript™ III reverse transcriptase (Invitrogen)
following the manufacture’s instruction. Synthesized cDNA was diluted to 10 ng/μl. qRT-
PCR was performed on an ABI Sequence Detector 7900 (Carlsbad, CA). Each 20-μl
reaction was run in quadruplicate and contained 2 μl of synthesized cDNA templates along
with 500 nM primers and 10 μl of 2×S YBR® Green PCR Master Mix (ABI). Cycling
parameters were 95°C for 15 min to activate the DNA polymerase, then 45 cycles of 95°C
for 15 s and 60°C for 1 min. Melting dissociation curves were performed to verify that
single products without primer-dimers were amplified. Raw fluorescence data were exported
as clipped files. Starting concentrations of mRNAs and PCR efficiencies for each sample
were calculated by an assumption-free linear regression on the Log(fluorescence) per cycle
number data using LinRegPCR (23). The mRNA concentration of each selected gene was
normalized to the geometric mean of 18S and actin (4;24). The Student’s t test was
performed to determine statistical difference between treatments in the initial copy number
of amplified RNA genes.

Results
Earthworm toxicity test

A total of 36 earthworms were used in the filter paper contact toxicity test. Half of the
earthworms were exposed to CL-20 (0.2 μg/cm2) for 6 days whereas the other half exposed
to the solvent control. Half of the CL-20 treated earthworms were allowed to recover for 7
days. Two mortalities occurred in CL-20 treated worms, one at day 6 and the other at day
13, leaving seven survivors at the end of the test. To define neurotoxicity states, an on-
invasive electrophysiological measurement was made of each worm immediately prior to
takedown. Statistical analysis of the results (Figure 1) indicates that the MGF conduction
velocity in ventral nerve cord was significantly impaired after 6-d of exposure to CL-20 (2-
tailed t-test, p = 7.4 × 10−6), but it was restored by the end of the 7-d recovery phase (2-
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tailed t-test, p = 0.21). These results are in agreement with our previous observations
(13;14).

Microarray experiment
Total RNA extracted from 6 worms per treatment group was hybridized to the 15K-feature
earthworm array with one sample per array. Twenty-four samples were distributed on 3
slides (8 arrays/slide) using a block design to reduce errors associated with variations within
and between slides (see Supplementary Figure 1). Each slide was scanned three times, i.e., at
PMT 350, 450 and 510. Performance evaluation using the spike-in control RNAs showed
that the highest PMT level produced both higher background noise and more saturated spots.
The regression curve had the most narrow linearity range (2 log-units) at PMT 510, while 3
log-units at PMT 450 and 3.5 log-units at PMT 350 (see Supplementary Figure 2).
Therefore, the dataset acquired at PMT 510 was not used for further statistical analysis. The
raw and the normalized data of the 24 arrays scanned at PMT 350 and 450 have been
deposited in the GEO database as GSE23948.

We conducted three two-class comparisons, i.e., 6-d control vs. 6-d treated, 13-d control vs.
13-d treated, and 6-d control vs. 13-d control, using BRB-ArrayTools (see Experimental
Procedures for analysis details). We compared the two control treatments in order to look
into the effect of 7 more days of starvation on gene expression because the worms were not
fed throughout the whole 13-d experiment. Significant genes inferred for the three
comparison categories were pooled together, resulting in 223 unique genes for the PMT 350
dataset and 221 unique genes for the PMT 450 dataset. Then, these two sets of significant
genes were further combined into a list of 301 non-redundant genes, among which 117 had
functional annotation, and 140 were identified from both datasets (Supplementary Table 2).
Hierarchical clustering using expression data of these significant genes from the two
datasets shows clear separation of the 6-d treated group (except one worm) from the other
three groups (Figure 2), reinforcing the electrophysiological results (Figure 1).

qRT-PCR validation of selected transcripts
We picked 16 transcripts for qRT-PCR validation, 12 of which are putatively related to
neurological pathways (Table 1). Two reference genes (18S ribosomal RNA and β-actin)
were chosen as normalizers. Specifically, six transcripts putatively code for genes or gene
domains involved in the agrin-MuSK (muscle-specific kinase)-rapsyn signaling pathway,
three in the cholinergic pathway, two in the GABAergic pathway, and one in the adrenergic
pathway. Two transcripts (acetoacetyl-CoA synthetase and N-terminal acetyl transferase)
involved in metabolic pathways were also selected for validation. EWContig14 (dopamine
β-monooxygenase, also called dopamine β-hydroxylase or DBH) and two fibrinolysis-
related transcripts, New Contig1108 (kringle) and EWContig15 (ferritin), were chosen to
compare the effects between TNT and CL-20 because our previous study showed that they
were significantly affected by TNT (4).

qRT-PCR results are in good agreement with microarray results on all nine genes for which
both assays had data available (Table 2). Particularly, qRT-PCR validated the differential
expression of seven transcripts identified from microarray data. These seven transcripts were
EW1_F1P01_F11 (putatively encoding the Kazaldomain of Agrin), EW1_F1P05_D12
(Agrin, SEA), Contig25790 (Ser/Thr protein kinase), Contig24498 (nAChR,
Neur_chan_memb), Contig10303 (GABAA receptor or GABAA-R), Contig12744
(Acetoacetyl-CoA synthetase), and NewContig1108 (kringle). However, there exist some
statistical discrepancies between microarray and qRT-PCR results with regard to
Contig18180 (Rapsyn, Zinc finger) and NewContig1522 (nAChR, Neur_chan_LBD).
According to the microarray data, Contig18180 was significantly up-regulated in 6-d CL-20-
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treated worms or 13-d control worms if compared to 6-d control worms, and
NewContig1522 was significantly down-regulated in 6-d treated worms if compared to 6-d
control worms, but qRT-PCR results were unable to support the statistical significance for
these comparisons.

It is worth noting that half of the worms exposed to CL-20 without recovery (worm #8, 11
and 12) had 36~178- and 108~664-fold up-regulation in the expression of DBH and ferritin,
separately, if compared to the average expression level in the 6-d control worms (Figure 3),
though no statistically significant difference existed between these two treatment groups
(Table 2). Like all other 14 selected transcripts, they showed no significant difference in
expression measured by both microarray and qRT-PCR between the control and the treated
after the 7-d recovery (Table 2). This, along with the far smaller number (~70) of
differentially expressed transcripts at day 13 than that (~200) at day 6 (Supplementary Table
2), serves as additional evidence supporting the reversibility of CL-20-induced
neurotoxicity. These results are consistent with the electrophysiological results (Figure 1).

Discussion
Toxic damage to the nervous system occurs by three basic mechanisms: (1) direct damage
and death of neurons and glial cells; (2) interference with electrical transmission; and (3)
interference with chemical neurotransmission (25). The latter two mechanisms may cause
temporary neurological impairment or neurocognitive deficits and are often reversible when
the triggering neurotoxicant is metabolized or removed from the body. In this study, the
electrophysiological endpoint was measured non-invasively by applying light tactile
stimulation to evoke giant nerve fiber spikes that synchronously trigger motoneuron spikes
in each segment, and then determining the velocity that the spikes were conducted along the
segmental body. The measured conduction velocity is a complex function that can be
potentially modified by diverse toxicant actions on membrane excitability, gap junction
properties, or synaptic function (26).

Reversible neurotoxicity has been observed for a wide variety of chemicals in invertebrates
(26–29). For instance, Kyriakides et al. (1990) reported that triethyltin at 10−5 M caused a
reversible neuronal membrane depolarization in leech neurons by an increase of intracellular
free Ca2+ probably via both release from intracellular stores and inhibition of Ca2+ reuptake
(29). Cerstiaens et al. (2003) observed reversible effects of kynureniens, endogenous
metabolites of tryptophan, on the motor function of adult flesh flies (27). These studies,
however, did not pinpoint the exact molecular targets associated with reversible
neurotoxicity.

Recently, Kharrat et al. (2008) demonstrated that the marine phycotoxin gymnodinine-A
(GYM-A) blocked nicotinic currents in Xenopus skeletal myocytes evoked by constant
iontophoretical acetylcholine pulses in a reversible manner and that GYM-A was confirmed
by competition binding assays to broadly target muscle-and neuron-type nicotinic AChRs
with high affinity (28). RDX, an explosive compound structurally similar to CL-20, was
found to bind to the picrotoxin convulsant site in GABAA-R chloride channel, causing a
reduction of GABAergic inhibitory transmission in the rat amygdala and eliciting seizures
(30), a reversible symptom in humans and animals for which recovery often occurs within a
few days or weeks (31). Meanwhile, several microarray gene expression studies on brain
tissues of rats, birds and fish all suggest that RDX, at either seizure-inducing or non-seizure-
inducing doses, leads to heightened neuronal excitability through glutamate excitoxicity and
down-regulation of many other neurotransmission-related genes (32–35). Despite discovery
of multiple potential toxicity targets and modes of action, the authors did not go further to
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propose an eventual scheme for RDX neuro toxicity by connecting gene expression
evidence with results from biochemical and electrophysiological assays.

In the present study, we have obtained gene expression evidence that, when integrated with
our previous findings and other literature reports, not only identifies CL-20-affected targets,
but also sheds some light towards sequential molecular events underlying the reversible
neurotoxicity of CL-20 (Figure 4). It is well known that two types of synapses are
vulnerable to a wide variety of neurotoxicants: those between neurons and those between a
neuron and a muscle cell or gland (e.g., neuromuscular junction or NMJ) (36). Synaptic
dysfunction at NMJs, a well-studied neurotoxicity mechanism, is postulated as being
responsible for CL-20 induced neurotoxicity, without excluding the role of impairment of
synaptic functions between ganglia in the central (CNS) and peripheral (PNS) nervous
systems. The latter remains unclear at this moment.

The somatic muscle cells of the earthworm possess dual innervations, an excitatory
(depolarizing) one with acetylcholine as the major neurotransmitter, and an inhibitory
(hyperpolarizing) one with GABA as the major neurotransmitter (37–39). Similar to RDX
(30;40) but unlike many acetylcholinesterase (AChE)-inhibiting organophosphorus
pesticides, CL-20-induced neurotoxicity does not appear to involve inhibition of AChE as
the expression of an AChE-coding gene (Contig11538 in Table 2) was not affected by
CL-20.

Our observation of two putative GABAA-R transcripts being affected by CL-20 suggests
that the GABAA-R may be the primary target of CL-20. This hypothesis is supported by at
least two lines of evidence obtained in vitro for RDX in the rat amygdala: (1) RDX binds to
the picrotoxin convulsant site of the GABAA-R, a Cl− ion channel macromolecular complex,
with a significant affinity; and (2) RDX reduces the frequency and amplitude of spontaneous
GABAA-R-mediated inhibitory currents and the amplitude of GABA-evoked postsynaptic
currents (30). Furthermore, a comparative meta-analysis of RDX impact on gene expression
among five phylogenetically disparate species including rat, fathead minnow, earthworm,
Northern bobwhite quail and coral shows that all species (even those with no organized
nervous system) exhibit toxic effects consistent with a common molecular initiating event,
i.e., binding to the GABAA-R or GABAA-like receptor (41). This can be explained by the
evolutionary conservation of insect GABA receptors as evidenced by the fact that they share
the same allosteric modulatory sites that characterize the mammalian GABAA-Rs (38;42).
Unlike their vertebrate counterparts that are restricted to the brain and thus enjoy the
protection of the blood-brain barrier, the invertebrate GABA receptors exist in both
neuromuscular synapses and within ganglia and hence are much more vulnerable to
exogenous agents (38).

Besides the GABAergic synapse, we also observed CL-20 effects on the cholinergic
synapse. In the cholinergic system, two opposing pathways on the pre-and post-synaptic
sides at the NMJ need to collaborate to induce a high-density accumulation of AChRs:a
clustering pathway that works through agrin, MuSK (a transmembrane tyrosine kinase) and
rapsyn, and a dispersing pathway that works through acetylcholine and the AChR (43).
Pharmacological characterization of AChRs in the somatic earthworm muscle cells has
revealed that they cannot be classified as either muscarinic or nicotinic (44) but rather
nicotinic-like (39;45). Expression of the channel transmembrane domain of nicotinic AChR
(nAChR) gene was significantly up-regulated by CL-20 (Table 2). In addition to nAChR,
several genes involved in the Agrin-MuSK pathway (e.g., Agrin, Ser/Thr protein kinase, and
MuSK) were also stimulated by CL-20 exposure (Table 2), consistent with our previous
observation of agrin up-regulation in RDX-exposed earthworms (5). Expression of these
affected genes returned to normality after a 7-d recovery. However, neurotransmitter
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receptor binding assays have shown that RDX has no affinity to either nicotinic or
muscarinic AChRs in rat (30), suggesting that the effects of CL-20 on the cholinergic system
may be cascading impact downstream of the initial antagonism to GABAA-R.

As previously demonstrated, the reversible neurotoxicity exerted by sub-lethal
concentrations of CL-20 to E. fetida was reflected in the concurrent decrease (during
exposure) and recuperation (during recovery) of MGF conduction velocity (13) and total
mAChR level (14). Since AChRs at NMJs are exclusively nicotinic and mAChRs are
located in the CNS and autonomic nervous system (ANS) (46), it is possible that mAChR
down-regulation is caused by GABAA-R antagonism that leads to depolarization-induced
changes in K+ current (activation of the K+-channel) in the CNS/ANS, as picrotoxin causes
decreases in mAChRs in rat brain (47).

The adrenergic system might also be affected by CL-20 because DBH (converting dopamine
to norepinephrine), one of the enzymes that catalyze catecholamine synthesis, was up-
regulated several orders of magnitude in 50% of the 6-d treated earthworms (Table 2 and
Figure 3). Like GABA, norepinephrine hyperpolarizes the membrane of earthworm somatic
cells, possibly by stimulating the Na+/K+ pump via α-adrenergic receptors (48;49). In
conjunction with the up-regulation of GABAA-R, the up-regulation of DBH was probably a
concerted action to counter the blocking of the GABAA-R chloride ionophore by CL-20 that
reduced GABAergic inhibition (30). The “all-or-none” effect pattern for DBH suggests that
there might exist an unknown trigger that was activated in half of the treated worms.

Taken together, we propose that CL-20 initiates neurotoxicity by non-competitively
blocking GABAA-Rs, leading to altered expression of genes involved in GABAergic,
cholinergic, Agrin-MuSK, and adrenergic pathways at NMJs (Figure 4). Similar to RDX,
the results presented here suggest that CL-20 may bind to thepicrotoxin site inside the
GABAA ionophore, causing a decrease in mean channel open time and Cl− channel
permeability, and reducing inhibitory postsynaptic currents (50). The decreased chloride
permeability can intensify action potential and stimulate intracellular Ca2+ influx through
various voltage-gated Ca2+ channels (51;52) leading to the following molecular events: (1)
increased release of neurotransmitter acetylcholine; (2) up-regulation of the nAChR
clustering (Agrin-MuSK) pathway; (3) stimulation of nAChR synthesis and membrane
depolarization via increased Na+/K+-ATPase activity and Na+ influx (33;39); (4) down-
regulation of mAChR in the CNS/ANS (14;47); (5) expression alteration of genes involved
in Ca2+ binding, transport and signaling pathways (32;33;35); and (6) up-regulation of
GABAA-R and DBH expression (53), perhaps in response to the enhanced excitatory
depolarization as a feedback circuit. When exposed earthworms are moved to an
uncontaminated environment, CL-20 in worm body could be gradually destructed through
(1) autophagic degradation (traffic to autophagosomes) of defective CL-20-bound GABAA-
Rs (54); (2) dissociation of CL-20 from the binding site; and (3) metabolism of the
dissociated CL-20 by cytochrome P450 or P450-like enzymes (5;32). As a consequence of
these and possibly many other processes, CL-20 is excreted from the NMJs, and the
effective neurotransmission synapses are restored to their pre-exposure level, eventually
resulting in a recovery or reversibility of CL-20-induced neurotoxicity. The aforementioned
events are either observed in the present study or reported by others for a variety of species
ranging from earthworms and fish to birds and rats. Nevertheless, we recognize that there
are still wide knowledge gaps in understanding how these events are exactly connected to
each other and what differences exist between different organisms and among structurally
similar chemicals, both of which require more in-depth investigations.

A direct comparison can be made between TNT and CL-20 on the basis of ferritin- and
DBH-coding gene expression measured in earthworms exposed to each compound. In sharp
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contrast to CL-20, TNT, a reactive oxygen/nitrogen species producer, significantly inhibited
the expression of both genes (4). CL-20-triggered up-regulation of both genes in half of the
exposed worms, whereas the non-triggered worms (worm #7, 9 and 10) exhibited expression
levels similar to that in control worms (Table 2 and Figure 3). The neurological dysfunction
observed in TNT-exposed earthworms is believed to be due to cascading/secondary effects,
following the initial response to oxidative stress. On the contrary, CL-20 directly targets
neurotransmission systems, causing neurotoxicity and other cascading effects (e.g.,
oxidative stress through ferritin). Gust et al. reported similar effects of RDX on genes
involved in oxidative stress in fathead minnow brain tissue (35).

Starvation effects on cholinergic and GABAergic pathways observed in this study are in
agreement with a report where starvation activated MAPK in C. elegans feeding muscle
through a muscarinic AChR pathway (55). However, there is currently insufficient evidence,
preventing us from postulating a detailed mechanism of action for starvation.

It is widely accepted that a complex neurotransmission and signaling system regulates
rhythmic motor activities of the alimentary tract such as contraction and locomotion. In
addition to the GABAergic, cholinergic and adrenergic neurotransmissions mentioned
above, the peripheral stomatogastric nervous system and neurons innervating the body wall
of earthworms host a wide variety of other neurotransmitters such as dopamine, serotonin
(5-HT), proctolin, Eisenia-tetradekapeptide, FMRFamide, neuropeptide-Y, histamine and
rhodopsin (37;56;57). For instance, dopaminergic sensory cells distributed in the epidermis
of earthworms convey sensory information to the ventral nerve cord and activate the dorsal
giant fibers and motoneurons controlling rapid reflexes (26;58). Partly owing to the
incomplete transcriptome coverage of our shot-gun array, we are just beginning to
understand how earthworms respond to and recover from damages caused by
neurotoxicants. Further studies are warranted to investigate the role of interactions among
different neurotransmission systems in the reversible neurotoxicity.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Electrophysiological measurements of the medial giant fiber (MGF) conduction velocity in
the control and CL-20-treated worms at Day 6 and Day 13. Results are shown as mean
(column) + standard error (error bar). Sample numbers are as follows: 18 (Day 6 control), 17
(Day 6 treated), 9 (Day 13 control), and 7 (Day 13 treated). Nine worms from the control
and the treated groups were sacrificed immediately after the Day 6 measurement and two
treated worms died leaving 7 treated worms alive at Day 13. Different letters (“A” and “B”)
in the columns indicate statistically significant difference among the four groups (ANOVA,
p < 0.001).
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Figure 2.
Dendrogram for clustering earthworm samples using array expression data of 301 significant
genes. Centered correlation and average linkage were chosen in the clustering algorithm.
Treatment: Worm #1 to 6 = 6-d control, #7 to 12 = 6-d treated, #13 to 18 = 13-d control, #19
to 24 = 13-d treated. Left panel: PMT350 dataset; Right panel: PMT450 dataset.
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Figure 3.
Relative expression of dopamine β-hydroxylase (DBH) and ferritin in all 24 worms
measured by qRT-PCR. Gene expression is shown as Log 10 [Relative RNA concentration ×
106]. The relative RNA concentration was normalized to the geometric mean of 18S and
actin. Worm treatment: #1~6 = 6-d control; #13~18 = 13-d control; #7~12 = 6-d treated;
#19~24 = 13-d treated.
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Figure 4.
Postulated mode of action for CL-20-induced reversible neurotoxicity at the dual innervated
neuromuscular junction (NMJ) in the earthworm Eisenia fetida. The numbered events (1) to
(6) are the basic sequential molecular events occurring at the NMJ upon the arrival of a
neuronal impulse (action potential) at the pre-synaptic neuron terminal. Abbreviations: ACh
= acetylcholine; GABA = γ-aminobutyric acid; VOCC = voltage-operated calcium (Ca2+)
channel; nAChR = nicotinic acetylcholine receptor; GABAA-R = GABA-A receptor; MuSK
= muscle-specific kinase; DBH = dopamine β-hydroxylase.
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