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Abstract
Background, aim, and scope Hexanitrohexaazaisowurtzitane
(CL-20) is a relatively new energetic compound sharing some
degree of structural similarity with hexahydro-1,3,5-trinitro-
1,3,5-triazine (RDX), a known neurotoxic compound.
Previously, we demonstrated using a noninvasive electrophys-
iological technique that CL-20 was a more potent neuro-
toxicant than RDX to the earthworm Eisenia fetida. In the
present study, we investigated the effect of CL-20 exposure
and subsequent recovery on muscarinic acetylcholine recep-
tors (mAChRs) to further define the mechanism of reversible
neurotoxicity of CL-20 in E. fetida.
Materials and methods We used a noninvasive electro-
physiological technique to evaluate neurotoxicity in CL-20-

treated worms, and then measured how such exposures
altered levels of whole-body mAChR in the same animals.
Results and discussion A good correlation exists between
these two types of endpoints. Effect on mAChR levels was
most prominent at day 6 of exposure. After 7 days of
recovery, both conduction velocity and mAChR were
significantly restored. Our results show that sublethal
concentrations of CL-20 significantly reduced mAChR
levels in a concentration- and duration-dependent manner,
which was accompanied with significant decreases in the
conduction velocity of the medial and lateral giant nerve
fibers. After 7-day post exposure recovery, worms restored
both neurochemical (mAChR) and neurophysiological
(conduction velocity) endpoints that were reduced during
6-day exposures to CL-20 concentrations from 0.02 to
0.22 µg/cm2.
Conclusions and perspectives Our findings support the idea
that CL-20 induced neurotoxic effects are reversible, and
suggest that CL-20 neurotoxicity may be mediated through
the cholinergic system. Future studies will investigate other
neurotransmission systems such as GABA, glutamate, and
monoamine. Ion channels in the nerve membrane should be
examined to further define the precise mechanisms underlying
CL-20 neurotoxicity.
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1 Background, aim, and scope

The use of earthworms for soil ecotoxicological risk
assessment has advanced significantly over the past few
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decades. As many environmental contaminants possess
neurotoxic properties, there exists a growing interest in
using earthworms as neurotoxicity test organisms for
environmental risk assessment and as potential surrogates
for evaluating impacts of neurotoxic compounds on humans
(Davoli et al. 2002; Mizutani et al. 2003; Costa et al.
2008).

Neurotoxicity can be defined as any adverse effect on
the central or peripheral nervous system caused by
chemical, biological or physical agents (Costa et al.
2008). Upon high, acute exposures, neurotoxicity can be
manifested as severe clinical signs and structural disorders
(e.g., brain lesions, neurobehavioral changes, lethality).
More often, organisms are chronically exposed to low-
levels of neurotoxic substances. Over time, such exposures
can result in subtle, sub-clinical effects that include, for
example alterations in neurochemical function and nerve
conduction. The ability to diagnose these early neurological
effects not only warns of imminent neurotoxic damage but
also provides important information as to cellular mechanisms
of action (Manzo et al. 1996).

CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazai-
sowurtzitane) is a relatively new energetic compound
sharing some degree of structural similarity with
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), a widely
used explosive with known neurotoxic properties in both
humans and animals (Davies et al. 2007; Johnson et al.
2007). Both CL-20 and RDX are recalcitrant to degradation
resulting in persistence in the environment (Crocker et al.
2005) and posing potential environmental risks to soil
invertebrates as soil is the main sink. Recently, we have
demonstrated that earthworms (Eisenia fetida) exposed to
CL-20 or RDX exhibited typical neurophysiological symp-
toms (e.g., rigidity, coiling and ataxia) and that sublethal
concentrations of either compound caused reversible neu-
rotoxicity (Gong et al. 2007). These results raised further
questions regarding specific sites of action and molecular
targets within the worm’s central and peripheral nervous
systems. A preliminary neurochemical investigation indi-
cated that 8-day exposure to RDX (1.07 or 5.35 µg/cm2

filter paper) significantly affected whole-body, muscarinic
acetylcholine receptor (mAChR) levels in E. fetida, and
these responses were accompanied by a significant decrease
in the relative conduction velocity of both medial (MGF)
and lateral (LGF) giant nerve fibers (Gong et al. 2006).
However, no significant effects of RDX were observed on
other neurochemical parameters, including monoamine
oxidase, acetylcholine, and cholinesterase in these same
worms (Gong et al. 2006).

Given the above results and the structural similarity
characterized by the CH–N–NO2 bonds present in both
RDX and CL-20, we hypothesize that CL-20 affects the
mAChR. Although the mAChR has crucial functions within

the central nervous system, emerging evidence suggests that
the mAChR also plays an important role in neuromuscular
junctions of the peripheral nervous system (Santafe et al.
2003; Rand 2007). In the present study, we used a
noninvasive electrophysiological technique to evaluate
neurotoxicity in CL-20-treated worms, and then measured
how such exposures altered levels of whole-body mAChR
in the same animals. Our ultimate long-term goal is to
elucidate the mechanisms underlying the reversible neuro-
toxicity of sublethal CL-20 concentrations in earthworms
(Gong et al. 2007).

2 Materials and methods

2.1 Earthworm culture and exposure

Earthworms (E. fetida) were maintained in a continuous
culture from stocks obtained from Carolina Biological
Supply Company (Burlington, NC, USA). Worms were
kept at 22 to 25°C in moistened sphagnum peat with
calcium carbonate added to adjust the pH to 6.5 to 7.5 and
moisture content adjusted to 50% and were fed ad libitum
on a diet of Magic Worm Food (Carolina Biological
Supply). Adult earthworms (0.3~0.6 g with clitellum) were
purged overnight on moistened filter paper prior to testing.
Exposures were performed in 95-ml capped glass vials via
contact with moistened filter paper (Gong et al. 2007). One
milliliter of CL-20 solution in methanol was spread on the
filter paper (115 cm2) and methanol was allowed to
evaporate before moistening the filter paper with 2 ml of
de-ionized water. The concentration of CL-20 in stock
solutions (µg CL-20/ml of methanol) was confirmed by
HPLC analysis (Gong et al. 2008) and was converted into
µg/cm2 to express concentration of exposure. The ε-CL-20
(99.3%) was synthesized by ATK Thiokol Propulsion
(China Lake, UT, USA). Gas chromatographic-grade
methanol was purchased from Burdick and Jackson
(Muskegon, MI, USA).

2.2 Experimental design

Four sets of experiments were carried out with duration of
1, 3, 6, and 13 days, respectively. Throughout all the
experiments, each worm was housed individually in a vial.
Only worms in the fourth experiment were removed and
allowed to recover on clean filter paper for 7 days after a 6-
day exposure. Noninvasive electrophysiological measure-
ments were repeatedly performed on day 0 (after purging
but before exposure), 1, 3, 6, 7, 10 and 13 before the worms
were sacrificed on day 1, 3, 6 and 13, respectively in the
four experiments. Levels of muscarinic acetylcholine
receptor (mAChR) were determined only at the termination
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of each experiment when the worms were sacrificed by
snap-freezing in liquid nitrogen. Four concentrations of CL-
20 were tested in each experiment, except for the second
experiment where only three CL-20 concentrations were
tested. Ten worms were used per treatment. The exposure
concentration (0.02 to 0.87 µg CL-20/cm2 depending on the
exposure length) was carefully selected to avoid lethality
based on results from our previous studies (Gong et al.
2007).

2.3 Noninvasive electrophysiological recording

Conduction velocities of worm MGF and LGF were
measured as previously described (Gong et al. 2007)
immediately before exposure and at each interval of
exposure and recovery. Absolute velocity (m/s) was
calculated by dividing conduction distance between
electrode pairs (10 mm) by conduction time. Relative
conduction velocity, i.e., the absolute conduction velocity
measured after exposure or recovery relative to that
measured before exposure, was used as assessment
endpoint because absolute conduction velocity varied
from one worm to another, even in the same treatment
groups.

2.4 Muscarinic acetylcholine receptor (mAChR) binding
assay

The level of whole-body mAChR was analyzed in
homogenized worms as described in Basu et al. (2006)
with slight modifications. All worm samples were homog-
enized for 30 s in cold Na/K buffer (50 mM NaH2PO4,
5 mM KCl, 120 mM NaCl, pH 7.4). Cellular membranes
were isolated by centrifuging the homogenate at 32,500×g
for 15 min at 4°C. The resulting pellet was washed twice
under the same conditions, and the final pellet was
resuspended in Na/K buffer. Protein concentration was
determined using the Bradford protocol. Binding to the
mACh receptor was performed in a 96-well 1.0 µM GF/B
glass filter system (Millipore, Boston, MA, USA) (Stamler
et al. 2005). Approximately 20 µg of membrane preparation
in Na/K buffer was incubated with 1 nM [3H]-quinuclidinyl
benzilate ([3H]-QNB; NEN/Perkin Elmer, Waltham, MA,
USA). All binding assays were carried out under gentle
agitation for 60 min, and reactions were terminated by
vacuum filtration. The filters were rinsed three times with
buffer and then allowed to soak for 96 h in 25 µL of
OptiPhase Supermix Cocktail (Perkin Elmer). Radioactivity
retained by the filter was quantified by liquid scintillation
counting in a microplate detector (Wallac Microbeta, Perkin
Elmer). Specific binding to the receptors was defined as the
difference in radioligand bound in the presence and absence
of 100 µM atropine sulfate.

2.5 Statistical data analysis

The electrophysiological data were analyzed using a paired
Student’s t test by comparing the absolute MGF/LGF
conduction velocity measured at different time points with
that measured before exposure (day 0) in the same worms
within the same treatment group. One-way analysis of
variance (ANOVA) was used to determine the effects of
CL-20 on mAChR levels. When a significant difference
was found, a post-hoc test was performed with Tukey’s
HSD (honestly significant difference). The probability (P)
of type-1 or false positive error was derived from ANOVA,
whereas the power (B) of the statistical test was estimated
from B=1− β with β being the type-2 or false negative
error probability and α being set at 0.05. All the statistical
analysis was performed using SigmaStat (v 3.1, Point
Richmond, CA, USA).

3 Results and discussion

CL-20 exposure reduced both conduction velocity and
whole-body mAChR levels in a concentration- and
duration-dependent manner (Fig. 1). Although conduction
velocity was recorded repeatedly, only results from the final
measurement were shown to facilitate comparison with
mAChR data obtained from single-time determinations (see
Fig. 1). A good correlation exists between these two types
of endpoints. Effect on mAChR levels was most prominent
at day 6 of exposure (see Fig. 1(f)). After a 7-day recovery,
both conduction velocity and mAChR were significantly
restored (see Fig. 1(g,h)). However, it should be noted that
relative conduction velocity is a more sensitive endpoint
than mAChR, and this can be partly attributed to different
statistical methods used. One-way ANOVA used for
mAChR has less statistical power than the paired t test for
conduction velocity because ANOVA does not require
pairing of collected data.

There was a sharp decrease in the whole-body levels of
mAChR reflected by the [3H]-QNB binding activity in
control worms from day 1 (mean±standard deviation=
101.9±27.0 fmol/mg) to day 3 (19.2±3.2 fmol/mg; see
Fig. 1(b, d)). It should be noted that there were no technical
or experimental changes in the study over this time period,
and this decrease may be due to the cessation of foraging
activity and gut digestive movement as food supply was cut
off on day 0 (You et al. 2006). However, this hypothesis
requires further investigation. Although statistically signif-
icant (α=0.05) decreases in mAChR were measured in
worms exposed to CL-20 for 1 day (see Fig. 1(b)) and
3 days (see Fig. 1(d)), the power associated with these
changes (particularly in 3-day-exposed worms) was weak
as the calculated B values were below the acceptable
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Fig. 1 Reversible effects of
sublethal CL-20 concentrations
on muscarinic acetylcholine re-
ceptor (mAChR) and conduction
velocity of medial (MGF) and
lateral (LGF) giant fiber. Data
are presented as mean (bar) and
standard error (error bar) with
n=10. Statistical significance is
indicated by an asterisk ‘*’ at
α=0.05. Endpoints were deter-
mined in worms exposed with or
without recovery for 1 (a and b),
3 (c and d), 6 (e and f), and
13 days (g and h) in four
separate experiments. MGF and
LGF were measured repeated
but only the last measurement
results (a, c, e, and g) are shown
in parallel with mAChR results
(b, d, f, and h). See “Materials
and methods” for details on
statistical data analysis
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threshold of 0.8. This may be partly attributed to neuro-
logical plasticity and inter-worm differences in their
adaptive neurological response following relatively short-
term exposure to a toxicant like CL-20 (Bargmann 2006).
While [3H]-QNB can label and enumerate the global
population of mAChRs, it is well established that mAChRs
consist of several different isoforms in both vertebrates and
invertebrates as a result of alternative splicing, can exist at
pre-synaptic and post-synaptic sites, and are found in both
the central and peripheral nervous systems (Trimmer 1995;
Wess 1996; Santafe et al. 2003; Rand 2007). Furthermore, a
putative acetylcholine receptor with a mixed pharmacolog-
ical property (i.e., binds to both nicotinic and muscarinic
drugs) has been identified in invertebrates (Eldefrawi and
Eldefrawi 1983; Trimmer 1995). It should be stressed that
the mAChR data we present here represents the total
amount of the mAChR and mixed nicotinic–muscarinic
receptors in the whole body of earthworms. Future studies
should differentiate the mAChR responses among the
different receptor isoforms in both the central and peripheral
nervous systems.

The strongest statistical results were obtained in worms
following 6-day exposure when compared to animals
exposed for 1 or 3 days (see Fig. 1(b, d, f)), indicating
that longer-term exposure to CL-20 may have exceeded the
adaptive capability of these worms. However, after a 7-day
recovery period following a 6-day exposure period (see
Fig. 1(h)), no statistically significant differences in mAChR
levels were observed, suggesting that to a certain degree, the
earthworms were capable of restoring cholinergic function.
Recovery of these neurochemical responses were supported
by the neurophysiological work that also showed a recovery
response (see Fig. 1 (a, c, e, g)) (Gong et al. 2007).

4 Conclusions and perspectives

Multiple lines of evidence (i.e., behavioral observation
(Gong et al. 2007), neurobiochemical and electrophysio-
logical measurements) from our work strongly suggest that
CL-20 has neurotoxic properties. Specifically, here we
show that CL-20 can affect the mAChR in earthworms.
However, this does not exclude the possibility that CL-20
may have other neurological targets. Many pesticides acting
on neurotransmitter receptors (e.g., organophosphorus and
carbamate insecticides) also inhibit cholinesterase (Eldefrawi
and Eldefrawi 1983; Edwards and Fisher 1991), sometimes
in a reversible manner (Aamodt et al. 2007). In addition,
other neurotransmission systems such as GABA, glutamate,
and monoamine (Barna et al. 2001; Csoknya et al. 2003) and
ion channels in the nerve membrane (Ray and Fry 2006)
should be examined to further define the precise mechanisms
underlying CL-20 neurotoxicity.
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