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The unpredictable toxicity of insecticides may cause behavior disorder of biological organisms. In order to assess the role of
acetylcholinesterase (AChE) in swimming behavior ofDaphniamagna, a correlation analysis of both parameters in 24 h exposure of
deltamethrin (DM) and methomyl (MT) was investigated. The behavior responses of D. magna in DM (13.36 𝜇g/L and 33.40 𝜇g/L)
andMT (19.66 𝜇g/L and 49.15 𝜇g/L) suggested that recovery behavior in the adjustment phasewas crucial, and behavior homeostasis
provided them with an optimal way to achieve a wider tolerance against environmental stress. During the experiment, positive
effects on AChE activity occurred in the beginning of the exposure. Even though the de novo synthesis of AChE inD. magnamight
help it recover, the AChE inhibition in different treatments could be observed. Some induction effects on AChE activity at the
beginning of exposure occurred, and a 50% decrease may cause toxic effects on behavior. In most treatments, the results showed
that both behavior strength and AChE activity stayed in the same field within a correlation circle. These results illustrated that
the environmental stress caused by both DM and MT could inhibit AChE activity and subsequently induce a stepwise behavior
response, though both pesticides affect it as direct and indirect inhibitors, respectively.

1. Introduction

Numerous pesticides pose incidental threats to nontarget
organisms by creating environmental pollution and dam-
aging people’s health. Pyrethroids and carbamate pesticides
have been used throughout the world to control pests in
agricultural crops, forests, and wetlands [1–3]. However,
the extensive utilization of these insecticides may impair
biological communities, inducing an unbalance in aquatic
ecosystems, and cause unpredictable toxicity to humans and
numerous other biological organisms. According to the law
of tolerance [4–6], once the quantity or quality of one factor
exceeds the toxicity threshold, the growth and reproduction
of organisms will be limited. Therefore, these insecticides
can exert their toxicity to organisms as limiting factors. If

even one environmental factor changes and limits organisms,
this can drive others to compensate and strengthen the
accommodation in the fluctuating habitat [7]. For instance,
recognition of burrow’s olfactory signature was an efficient
discrimination mechanism when light becomes a limiting
factor in the dark [8].

The adaptation of individuals in a polluted aquatic envi-
ronment is imperative to their own survival. Homeostasis is a
set of processes to achieve and maintain a state of dynamic
equilibrium. It is a way to maintain internal stability and
appropriate responses to both internal and external stimuli
[9]. Behavior homeostasis is proposed as a neutral term
that can be applied across phylogeny from aneural single-
celled protozoa to complex mammals when discussing issues
related to stimulus detection and assessment. Behavior is
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being used in its broadest sense to include any measurable
and observable response to an iterative stimulus across
phylogeny [10]. A behavior homeostasis mechanism provides
a perfect way for aquatic individuals to develop an ability to
tolerate a wider variety of environmental limiting factors [11],
and this behavior response to environment pollution is an
adaptive process: aquatic organism can swim from polluted
environment to clean one based on their instinct: Avoidance
Behavior [12]. Previous research has suggested that aquatic
organisms have the ability to adapt to the aquatic environ-
mental stress by adjusting the tolerance of their limiting
factors, which might induce a stepwise behavior response
including acclimation, adjustment, and so on [13]. Behavior
response of different aquatic organisms under environmental
stress has been reported to be sensitive to sublethal chemical
concentrations, such as crustaceans [14, 15], snails [16], insects
[17], and fish [18].Meanwhile, movement changes are suitable
indicators in the ecological risk assessment [19] and behavior
monitoring is reported as a usefulmeans for toxicity checking
[20]. Furthermore, there have been many investigations on
the intrinsic mechanisms of the behavior response under
environmental stress, for example, the hormonal levels [21],
the acetylcholinesterase activity in brain [22], dysregulation
of the right brain [23], and the modulating covariation in
physiological traits [24].

Previous research suggested that deltamethrin (DM) and
methomyl (MT) are two kinds of pesticides with different
toxic mechanisms. DM is a synthetic type II pyrethroid [25].
It could inhibit ATPase in synaptosomal membrane, which
will cause the accumulation of neurotransmitter AChE, and
then induce the toxic effect. It is known to be toxic to diverse
aquatic organisms because of the effects it has on the nervous
system, which is involved in signal transduction and the
proteome regulation as registered [26, 27].MT is a commonly
used monomethyl carbamate insecticide to control a wide
range of insects and spider mites through direct contact
and ingestion [28]. MT may also exert its toxic effect on
nontarget organisms, by inducing an oxidative stress that
alters in enzymatic and nonenzymatic antioxidant systems
[29, 30].

Acetylcholinesterase (AChE) is a key enzyme that
hydrolyzes the neurotransmitter acetylcholine in cholinergic
synapses of both vertebrates and invertebrates; this may
affect a nerve’s ability to conduct due to the accumulation
of acetylcholine in the body once AChE is inhibited [31–
33]. Behavior movement of organisms is related directly
to nerve conduction [34]. Swimming behavior of aquatic
organismswould benefit predation, antipredation, and avoid-
ance abilities, which could increase the survival chance of
these organisms in their aquatic environment. Therefore, the
inhibition of AChE would decrease the ability of behavior
homeostasis [35], potentially inducing a higher survival risk.

Daphnia magna, a small planktonic invertebrate crus-
tacean (0.5–5.0mm) with a short life cycle, is very sensitive
to environmental changes [36, 37]. D. magna is a stan-
dard organism for toxicity tests, and the species has often
been used in bioassays and environmental monitoring of
aquatic systems due to the ease and the low economical
cost of maintaining cultures [38]. Behavior responses of

D. magna to environmental stress have been reported [39–
41], and there have been a multitude of researches on the
toxic endpoint at different levels, for example, individual
growth and reproductivity [42], embryonic development and
sex differentiation [42], acetylcholinesterase activity [43],
and cellular and molecular level [44]. Lovern et al. [45]
have investigated the effects of different chemicals on both
behavior and physiological changes of D. magna, Jensen et
al. [46] have established a cause-effect relationship between
acetylcholinesterase inhibition and altered locomotor behav-
ior in the carabid beetle, Sismeiro-Vivas et al. [47] have
investigated the short-term effects of quirlan on the behavior
and acetylcholinesterase activity of Gambusia holbrooki, and
Tilton et al. [48] have made relationship analysis between
AChE inhibition and behavior in zebrafish exposed to copper
or chlorpyrifos separately or as mixtures. However, there has
been hardly any study on the correlation analysis between
the online behavior responses and the continuous AChE
inhibition level.

We have focused our study on the behavior response
of aquatic organisms after acute exposure, because behavior
homeostasis can provide them with a perfect way to have
wide tolerance ability against environmental limiting fac-
tors. However, there is no direct evidence to clearly show
the intrinsic mechanisms of behavior homeostasis yet. We
hypothesize that AChE acts as a dominant factor in nerve
conduction for swimming behavior within different chem-
icals that may directly or indirectly inhibit AChE activity
continuously; then the aim of this study is to (i) investigate
the swimming behavior and AChE inhibition of D. magna
under the stress of two kinds of pesticides with different
toxic mechanisms that act as indirect (DM) and direct (MT)
inhibitors of AChE [34], (ii) reveal the relationship between
AChE inhibition and behavior responses based on correlation
analysis, and (iii) discuss the role that AChE plays in behavior
homeostasis.

2. Materials and Methods

2.1. Materials. The experimentalD.magna (24 h young) were
cultured in our laboratory for more than three generations.
The culture was maintained at 20±2∘C under a 16 h light : 8 h
dark photoperiod (illumination ranged between 3000 and
4500 lx). Culture medium was prepared according to the
components of the Standard ReferenceWater (SRW) [49] and
D. magna were fed Scenedesmus obliquus two times a day.
Before feeding D. magna, the culture medium of the algae
was filtered and then diluted by SRW until the concentration
reached 1 × 105 cells/ml.The quantity of the algae was approx-
imately 1% beaker volume. Before the exposure experiments,
the gravid female D. magna already carrying eggs were
removed and cultured individually in 50ml glass beakers
of SRW until they oviposited. The healthy and uninjured
neonates were then taken and used for this experiment.

MT and DM were purchased from J&K Chemical Ltd
(Beijing). All compounds were of technical grade (95%
purity). Stock solutions (stored at 4∘C until use), each having
a proper concentration, were prepared in dimethyl sulfoxide
to make each test solution. The concentration of dimethyl
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sulfoxide in water was less than 0.5% in all the experiments.
Studies showed that dimethyl sulfoxide of such concentra-
tion would neither lead to acute toxicity to D. magna nor
affect the mobility of D. magna [50, 51]. Acetylthiocholine
iodide (ATCh), 5,5-dithio-2,2-nitrobenzoic acid (DTNB),
Sephadex G-25, bovine serum albumin (BSA), and Triton X-
100were purchased fromSigma (Sigma-AldrichCorporation,
St. Louis, MO, USA). All of these chemicals were of analytical
grade (95% purity).

2.2. Experimental Setup. We set the logarithm spacing con-
centration of the insecticide in the exposure experiment to
measure LC50-24 h (50% lethal concentration) of juveniles
(48 h young). According to the previous report, LC50-24 h of
DM on D. magna ranged from 0.113 𝜇g/L to 9.4 𝜇g/L [42, 52–
54], and MT on D. magna was from 7.3𝜇g/L to 20.0𝜇g/L
[55], so the concentrations of DM (0.113 𝜇g/L, 0.341𝜇g/L,
1.031 𝜇g/L, 3.113 𝜇g/L, and 9.400 𝜇g/L) and MT (7.30𝜇g/L,
9.39 𝜇g/L, 12.08 𝜇g/L, 15.55 𝜇g/L, and 20.0𝜇g/L) were used to
conduct the acute toxicity tests. During the experiment, D.
magna were fed nothing and were placed in three replicates
per concentration with 20 young fleas per treatment. This
experiment was made in the same condition of culture.

The swimming behavior of D. magna was monitored
by an online system built in the Research Center for Eco-
Environmental Science, Chinese Academy of Sciences [56].
Six test D. magna were placed in each flow-through test
chamber (3 cm long, 2 cm in diameter), which was closed
off on both sides with nylon nets (250𝜇m), and 3 replicates
per concentration were used. A pair of electrodes located on
the walls of the test chambers sent a high-frequency signal of
alternating current, which was then received by a second pair
of noncurrent-carrying electrodes. The behavior strength of
all D. magna in each test chamber, which was used to show
swimming intensity, was transformed by an A/D transformer
and the signal changes formed by the A/D transformer
were analyzed automatically by software installed on the
equipment.The behavior strength was sampled automatically
by the system every second, and the average behavior strength
data were taken twice an hour in the first two hours and
after that once every hour to analyze the trends found in
different treatments. Behavior strength that changed from 0
(losing the ability of movement) to 1 (full behavior express)
was introduced to illustrate the behavior response differences
of D. magna [13]. Exposure concentrations were made based
on the results of acute toxicity (LC50-24 h), and 2 × LC50 and
5 × LC50 treatments were chosen.

In vivo, AChE inhibition tests were performed by expos-
ing juveniles to several treatments (0,2 × LC50 and 5 × LC50)
in 5000ml beaker. In the analysis of AChE activity, a 16 h
light : 8 h dark photoperiod was applied for 24 h exposure
at 21–23∘C. We applied three replicates in this experiment
with 500 individuals in 2 × LC50 and 5 × LC50 exposure and
270 individuals in control. No food was added during the
experiments. Samples (10 from each treatment) were taken
once an hour in the first 4 h and after that once every 2 h
in treatments. Once the individual number of D. magna
that sunk to the bottom of the beaker (not dead) is higher
than 10, AChE activity of these individuals was also detected.

Once there were less than 10 live test individuals, the AChE
experiment stopped. The death of D. magna was defined as
the inability to swim for more than a few strokes for 15 s after
gentle agitation of the test vessel [57].

81ml 0.1M disodium hydrogen phosphate and 19ml
0.1M sodium dihydrogen phosphate were mixed and then
diluted with deionized water to 100ml to get phosphate
buffer (0.1M, pH 7.4). Homogenates were prepared in an
ice-cold phosphate buffer using mechanically driven Teflon
fitted Potter-Elvehjem homogenizer for 2mins at 3000 r.p.m.
in ice till total disruption of water fleas. The homogenates
were then centrifuged at 12,000×g for 20min at 4∘C [58].
The supernatant was used as an enzyme source formeasuring
the activity of AChE. AChE activity in the homogenates was
detected as follows: 50𝜇L enzyme and 50 𝜇L ATCh (5mM
final concentration) were incubated at 30∘C for 15min in a
final volume of 0.1mL, and then the reaction was stopped
by 0.125mMDTNB-phosphate-ethanol reagent inside 0.9ml
(12.4mg of DTNB dissolved in 125mL 95% ethanol, 75mL
distilled water, and 50mL 0.1M phosphate buffer, pH 7.5)
as the thiol indicator. The color was detected immediately
at 412 nm using an ELIASA (Infinite M200) [59]. Based on
the Bradford Protein Assay of the protein concentration of
enzymatic extracts [60], the AChE activity was detected,
which was in unit of nmol/min⋅mg. The whole-body AChE
activity (% of control) was used to analyze the effects of
different chemicals on the AChE activity.

2.3. Data Analysis. The 50% lethal concentration (LC50)
values were calculated by probit analysis in the MATLAB
2009 (© 1984–2009 The MathWorks, Inc.). In order to
assess the role of AChE in swimming behavior of Daphnia
magna in different treatments, the average values of three
replicates of both the behavior data and whole-body AChE
activity (% of control) were calculated and then analyzed
based on the linear fitting in MATLAB. The Kalman fil-
tering with linear regression analysis was used in the con-
tinuous changes over the 24-hour period of both whole-
body AChE activity (% of control) and behavior strength
of D. magna in different treatments with 95% confidence
bounds to eliminate the influence of the environmental
noise (Fileds et al., 1991). Linear regression equations of
AChE activity (% of control) and behavior strength could
be calculated with different constants in different treatments,
which might be applied in the toxic effect analysis. After
Kalman filtering with linear regression with 𝑝 < 0.05,
Principal Component Analysis (PCA) was subsequently used
to illustrate the correlation between the inhibition degree of
AChE and the behavior responses of D. magna. The learning
process of PCA was conducted using the Self-Organizing
Map toolbox developed by the Laboratory of Information
and Computer Science, Helsinki University of Technology in
MATLAB environments [61]. One-way analysis of variance
(ANOVA) was performed to compare the whole-body AChE
activity (% of control) and behavior strength in different
behavior stages with different significance (𝑝 < 0.01 and
𝑝 < 0.05) based on the Stepwise Behavior Response Model
[13].
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Table 1: The 24 h acute toxic effects of both DM and MT on D. magna.

Chemicals LC50 (𝜇g/L) 95% confidence interval (𝜇g/L) Equation of linear regression 𝑟

DM 6.68 6.441–7.026 𝑌 = 2.026𝑋 + 15.485 0.992
MT 9.83 9.148–10.184 𝑌 = 3.411𝑋 + 22.081 0.984

3. Results and Discussion

3.1. Acute Toxicity. According to the chemical toxicity to the
aquatic organism [55], DM and MT had high toxicity to D.
magna. The acute toxic effects of DM and MT on D. magna
are shown in Table 1 after probit analysis in MATLAB with
95% confidence interval. The measured LC50-24 h values of
DM and MT on D. magna were 6.68 𝜇g/L and 9.83 𝜇g/L.
According to the previous report, 24 h acute ecotoxicity data
(as LC 50) ranged from 0.113𝜇g/L to 9.4𝜇g/L [42, 52–54], and
MT on D. magna was from 7.3𝜇g/L to 20.0𝜇g/L [55]. These
results suggested that the measured LC50-24 h values in this
study were acceptable.

3.2. The Toxic Effects of DM and MT on Both Swimming
Behavior and AChE Activity. The swimming behavior and
the AChE activity of D. magna under the exposure to
both DM and MT is shown in Figure 1. Different color
shadows mean the different stages based on the Stepwise
Behavior Response Model: no effects and stimulation stand
for the exposure period before the first significant decrease
of behavior strength (SD-BS) occurred (gray shadows) (20%,
[13]), acclimation is the period after the first SD-BS until
the first adjustment (20% behavior strength increase) (blue
shadows), (re)adjustment is from the first adjustment to toxic
effects (yellow shadows), and toxic effect starts from the time
when behavior strength of D. magna is lower than 0.2 and
there is no recovery (red shadows).

The average behavior strength in control changed from
0.87 to 0.72 and the average AChE activity was around 100%
(from 88% to 105%) (Figure 1(e)). As it is reported by Ren
et al. [62], the behavior responses of D. magna, which have a
fluctuation of 36%, are more intensive than the AChE activity
(less than 20% fluctuation) under the DDVP exposure.These
suggest that both the swimming behavior and the AChE
activity of D. magna exposed to DM and MT are relatively
stable in control group based on the data from each time
point.

However, the swimming behavior in other treatments
was inhibited. Under 13.36 𝜇g/L DM exposure (Figure 1(a)),
behavior strength showed fluctuating changes. In the first
6 h, it maintained approximately 0.8, and from the 6th to
the 9th hour, a drastic decrease occurred from 0.8 to less
than 0.3. There were more than 3 behavior adjustments
9 h later, which happened from 11th to 15th, 16th to 19th,
19th to 24th hour, separately according to the adjustment
criteria in our previous research (yellow shadows) [13]. Under
33.40 𝜇g/L DM exposure (Figure 1(b)), behavior strength
showed a sudden decrease after 2 h, and it reached less than
0.4 in the 7th h (blue shadows). After 2 behavior adjustments

from 8th to 16th h, behavior strength further decreased to 0
(red shadows). Under 19.66𝜇g/L MT exposure (Figure 1(c)),
behavior strength showed a slight decline, and the behavior
adjustment after 3 h was not as strong as in the 13.36𝜇g/LDM
exposure (yellow shadows). Under 49.15𝜇g/L MT exposure
(Figure 1(d)), the behavior response trendswere similar to the
exposure of 19.66𝜇g/L MT, but on the other hand behavior
strength was much lower.

Some difference could be observed in different treat-
ments: First, the number of adjustments in a lower concentra-
tion exposure was more than in a higher concentration expo-
sure, and sometimes the recovery behavior strength in follow-
ing adjustments might be much greater than previous ones,
for example, 21 h later in 13.36 𝜇g/L DM exposure. Second,
the behavior adjustment in DM was more evident than in
MT exposure, specifically in a lower concentration exposure;
this may be partly due to the difference in toxic mechanisms.
The toxic effects of DM on organisms by combining with the
Na+ channel on the cell membranemade the number of open
Na+ channels increase [63]. For MT, inhibiting the activity of
AChE made the AChE loses its normal physiological activity
which leads to the disorder of ACh metabolism and blocks
the normal conduction of the nervous system [64]. These
results suggest that behavior homeostasis did exist for D.
magna under environmental stress. Meanwhile, these results
are consistent with previous results, which advised evident
stepwise behavior responses including no effect, stimulation,
acclimation, adjustment (readjustment), and toxic effect [13].
For example, in 33.40 𝜇g/L DM treatment, the acclimation
phase occurred in 3 h, adjustment started in 8 h, and the toxic
effect phase occurred in 16 h. In 49.15 𝜇g/L MT treatment,
acclimation begins at 1 h, adjustment phase begins at 18 h, and
at 21 h the toxic effect occurred.

Similar to the results found in swimming behavior, AChE
activity (% of control) of D. magna in both DM and MT
exposure showed evident inhibition. In the treatments of DM
(Figures 1(a) and 1(b)), the AChE inhibition trends in both
13.36 𝜇g/L and 33.40 𝜇g/L were similar. At the beginning of
the exposure, AChE activity increased to more than 105%;
then the inhibition occurred with some recovery. AChE
activity was almost as its lowest type at the end of each
treatment; obviously in dead individuals, it was much lower
than live ones under the same exposure time. However,
there were some differences: (i) 50% inhibition of AChE
activity occurred about 4 h earlier in 33.40𝜇g/L than in
13.36 𝜇g/L DM; (ii) the ability of AChE activity recovery
was much higher in lower concentration treatments. In the
treatments of MT (Figures 1(c) and 1(d)), AChE inhibition
differed in 19.66 𝜇g/L compared with that in 49.15 𝜇g/L. In
lower concentration treatments, AChE activity was slowly
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Figure 1: The swimming behavior and the AChE activity (% of control) inhibition of D. magna after in vivo exposure in both DM and MT.
M ± SD was applied. (a, b, c, d, and e) Showing the behavior responses and AChE activity of D. magna in 13.36 𝜇g/L DM, 33.40 𝜇g/L DM,
19.66 𝜇g/L MT, 49.15 𝜇g/L MT, and control, separately. AChE activity of D. magna in control at the beginning of the experiments is regarded
as 100%. The solid line with round dots represented the behavior responses of D. magna.The solid line with triangles represented the AChE
activity of live D. magna and the dotted line with triangle represented the AChE activity of dead D. magna once there were some individuals
that died during the exposure periods. Gray shadows mean no effects and stimulation, blue shadows mean the acclimation, yellow shadows
mean the (re)adjustment, and red shadows mean the toxic effect.

decreasing with a recovery at about 18 h, and the levels were
constant at above 50% during the 24-hour period. AChE
activity was comparatively lower than 50% after 6 h in a
higher concentration with several recoveries. The standard

deviation in Figure 1 showed the vibration amplitude of both
behavior strength and theAChE activity, and it suggested that
the vibration amplitude was different in different behavior
responses according to the criteria for different stages based
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on the Stepwise Behavior Response Model (Table 3): it is
bigger in both acclimation and adjustment than in no effects-
stimulation and toxic effects.

After the first period (approximately hour 2 to hour 6),
there were effects on AChE activity in different treatments;
significant inhibition with 𝑝 < 0.05 occurred in all the treat-
ments with several recoveries. Meanwhile, AChE activity in
DMwas easily inhibited, which suggests that some difference
in the toxic mechanisms might induce these results. It is
clear that pyrethroid insecticides possess inhibitory effects
on AChE activity of D. magna and carbamates, which could
exert their toxic effect by inducing oxidative stress with
an alteration in enzymatic and nonenzymatic antioxidant
systems [27, 29].

These results suggest that AChE activity might increase at
the beginning of the exposure, and it was obviously lower in
dead individuals than in the live individuals. AChE activity
inhibition showed that higher recovery degree happened in
higher concentration treatments. Though continuous detec-
tion of AChE activity of test organisms in different treatments
did not attract much attention in previous research, AChE
activity ofD.magnawas similar to the previous results [35]. It
showed positive effects on AChE activity at the beginning of
theDMexposure and some evident recovery ofAChE activity
occurred during the exposure in different treatments. The
reasons for the positive effects and the activity recoverymight
be that these insecticides stimulated the de novo synthesis of
AChE inD. magna [65]; these effects were similarly observed
in three ridge mussels (A. plicata) [66].

3.3. Correlation Analysis of Both Swimming Behavior and
AChE Activity. The swimming behavior of D. magna in
different insecticides treatments showed that the fluctuating
environmental stress would indeed induce evident behav-
ior responses, including no effect, stimulation, acclimation,
adjustment (readjustment), and toxic effect. The behavior
homeostasis depends on the adjustments made under envi-
ronmental stress; this provides a perfectmethod for individu-
als to develop wider tolerance ability to environmental stress.
It is shown that physiological responses might be important
for individuals to overcome these stresses [43]. Some results
of the relationship between behavior responses and AChE
activity in different treatments could be observed in Figure 1:
First, the tendency of both behavior strength and AChE
activity decreased, but there were some differences in each
treatment. Second, the values of both behavior strength and
AChE activity were higher in lower concentrations (Figures
1(a) and 1(c)) than in higher concentrations (Figures 1(b)
and 1(d)) at the end of the exposure. All of these results
suggest that the behavior response of D. magna is similar
to the inhibition of AChE activity in those treatments. 50%
inhibition of AChE activity would induce an evident decrease
in behavior strength due toxic effects, especially in higher
concentration treatments.

Principal Component Analysis is a statistical procedure
that uses orthogonal transformation to convert a set of obser-
vations of possibly correlated variables into a set of values of
linearly uncorrelated variables called principal components
[67]. Principal Component Analysis is more suitable than
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Figure 2:The correlation analysis of swimming behavior and AChE
activity of D. magna based on Principal Component Analysis.

analysis of variance for the modeling of response data, and
the results of the analysis depend on the scaling of the matrix
[68]. Based on the analysis of the observed results as shown
in Figure 1, Principal Component Analysis in Self-Organizing
Map was applied to construct a circle correlation analysis
of the relationship between behavior responses and AChE
activity (Figure 2).

The correlation circle results indicate that the changes in
behavior strength show a positive relationship with AChE
activity in each treatment. In most treatments, both behavior
strength and corresponding AChE activity inhibition of D.
magna stayed within the same field of the correlation circle.
For example, the results of both parameters in 19.66 𝜇g/L
and 49.15 𝜇g/L MT and 33.40 𝜇g/L DM exposure were in
the upper-right, upper-left, and lower-left corner, respec-
tively. Though behavior strength in 13.36 𝜇g/L DM exposure
stayed in the lower-right corner of the circle, AChE activity
inhibition was in lower-left area. The reason for this might
be due to the fact that behavior homeostasis (behavior
adjustment) in this treatment was stronger than in others.
The results of both behavior strength and AChE activity in
different treatments (Figure 1) indicated that the behavior
responses were similar to each other, which included no
effect, stimulation, acclimation, adjustment (readjustment),
and toxic effect [13]. As reported by Xuereb et al. [34], the loss
of the nerve conduction ability correlated with AChE activity
inhibition played a significant role in the process.

Table 2 shows the Kalman filtering linear regression
analysis of both whole-body AChE activity (% of control)
and behavior strength of D. magna in different treatments
with 95% confidence bounds. The results showed higher
concentration treatments (33.40 𝜇g/L DM and 49.15 𝜇g/L
MT) could induce a higher slope, which was more than 0.03
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Table 2: Linear regression analysis of bothwhole-bodyAChE activity (% of control) and behavior strength ofD.magna in different treatments
with 95% confidence bounds.

Treatments
BS AChE

Linear regression
equation Slope 𝑦-intercept Linear regression

equation slope 𝑦-intercept

13.36 𝜇g/L DM 𝑌 = −0.016𝑋+0.722 (−0.027, −0.006) (0.581, 0.863) 𝑌 = −0.034𝑋 + 1.082 (−0.044, −0.023) (0.934, 1.229)
33.40 𝜇g/L DM 𝑌 = −0.030𝑋+0.732 (−0.035, −0.026) (0.665, 0.799) 𝑌 = −0.031𝑋 + 0.862 (−0.040, −0.023) (0.748, 0.976)
19.66 𝜇g/L MT 𝑌 = −0.018𝑋+0.766 (−0.021, −0.014) (0.718, 0.813) 𝑌 = −0.011𝑋 + 0.915 (−0.017, −0.005) (0.833, 0.997)
49.15 𝜇g/L MT 𝑌 = −0.039𝑋+0.776 (−0.043, −0.034) (0.715, 0.838) 𝑌 = −0.049𝑋 + 1.155 (−0.058, −0.040) (1.032, 1.277)
The slope values and the 𝑦-intercept values are shown with 95% confidence bounds.

in the equations for both parameters. In lower concentration
treatments, the slope in the equations was less than 0.02,
except for the 13.36 𝜇g/L DM treatment, in which the slope
in the equation was more than 0.03; this might induce the
correlation analysis results in Figure 2.The 𝑦-intercept in the
linear regression equations of both parameters did not show
evident difference among different treatments. These results
suggested that both circle correlation and linear regression
analysis are not accurate enough to support the positive
relationship between both parameters.

To illustrate the effectsmore clearly, both parameterswere
compared after one-way analysis of variance as shown in
Table 3. The criteria of different swimming behavior were
based on the stepwise behavior responses [13]. The results
advised that all swimming behavior was regarded as normal
(no effects) in control and AChE activity data of D. magna
kept approximately 97% with 0.79 behavior strength. During
no effects and stimulation, the behavior strength in all of
the treatments kept constant, which was 0.79. There was
some difference in AChE activity, which showed a significant
difference with 𝑝 < 0.05 in both higher concentration
treatments (33.40𝜇g/LDMand49.15 𝜇g/LMT); furthermore,
it was higher in 33.40 𝜇g/L DM than in control but lower
in 49.15 𝜇g/L MT than in control. The increase of AChE
activity in 33.40 𝜇g/L DM suggests an induction effect in the
first exposure period, which was also observed by Xuereb
et al. [34, 43]. Comparing these to the control results, both
the two parameters in the other behavior responses showed
significant difference (𝑝 < 0.01), which revealed an extreme
behavior decrease andAChEactivity inhibition.The results in
Table 3 also illustrate that the behavior homeostasis in lower
concentration treatments (13.36 𝜇g/L DM and 19.66 𝜇g/L
MT) dependedmainly on adjustment, which started from the
11th hour of exposure where no toxic effects occurred.

Previous research on the relationship between AChE
activity levels and behavior homeostasis has illustrated that
AChE activity inhibition resulted in unregulated nerve end-
ing activation and paralysis in organisms and could induce
abnormal behavior responses [31]. Our observations showed
that a 50% activity decrease of AChE may cause the toxic
effect of swimming behavior, and fluctuating environmental
stress may cause an induction effect of AChE activity at
times. Though the de novo synthesis of AChE in D. magna
might help AChE activity recover, the trends during the
24 h exposure in different treatments were downward. These

results clearly showed that the environmental stress caused by
both DM and MT inhibits AChE activity and then induces a
stepwise behavior response, though the toxic effects of these
insecticides act as indirect and direct inhibitors of AChE
separately [34]. Therefore, it can be ascertained that AChE
activity inhibition is part of the intrinsic responsemechanism
of behavior homeostasis based on behavior strength.

4. Conclusion

This study demonstrates the role of AChE in the behavior
homeostasis of D. magna under both DM and MT stress.
Differences were registered in different treatments based on
behavior strength and AChE activity. Such results confirmed
that AChE could be used as one of the biomarkers for
both indirect and direct inhibitors, and a clear stepwise
behavior response could be induced by these inhibitors.
Meanwhile, 50% AChE inhibition may cause the toxic effect
of swimming behavior in a fluctuating environment, which
clarifies that AChE activity inhibition is part of the intrinsic
response mechanism of behavior homeostasis based on
behavior strength. Nevertheless, current data of both swim-
ming behavior and AChE activity of one kind of individuals
cannot serve as direct and thorough evidence for the key
role of AChE in the behavior homeostasis. The link between
AChE inhibition and acute behavior homeostasis of different
chemicals to different organisms has yet to be analyzed and
will be established in future studies.
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[12] E. Höglund, F.-A. Weltzien, J. Schjolden, S. Winberg, H. Ursin,
and K. B. Døving, “Avoidance behavior and brain monoamines
in fish,” Brain Research, vol. 1032, no. 1-2, pp. 104–110, 2005.

[13] G. Zhang, L. Chen, J. Chen, Z. Ren, Z. Wang, and T.-
S. Chon, “Evidence for the Stepwise Behavioral Response
Model (SBRM): the effects of Carbamate Pesticides on medaka
(Oryzias latipes) in an onlinemonitoring system,”Chemosphere,
vol. 87, no. 7, pp. 734–741, 2012.

[14] S. D. Roast, J. Widdows, and M. B. Jones, “Disruption of swim-
ming in the hyperbenthic mysid Neomysis integer (Peracarida:
Mysidacea) by the organophosphate pesticide chlorpyrifos,”
Aquatic Toxicology, vol. 47, no. 3-4, pp. 227–241, 2000.

[15] E. Billoir, A. R. R. Péry, and S. Charles, “Integrating the lethal
and sublethal effects of toxic compounds into the population
dynamics ofDaphniamagna: A combination of theDEBtox and
matrix populationmodels,” EcologicalModelling, vol. 203, no. 3-
4, pp. 204–214, 2007.

[16] M. R. S. Coffin, D. Drolet, D. J. Hamilton, and M. A. Barbeau,
“Effect of immersion at low tide on distribution and movement
of the mud snail, Ilyanassa obsoleta (Say), in the upper Bay of
Fundy, easternCanada,” Journal of ExperimentalMarine Biology
and Ecology, vol. 364, no. 2, pp. 110–115, 2008.

[17] T. Chon, Y. S. Park, and M. H. Ross, “Activity of the German
Cockroach, Blattella germanica (L.) (Orthoptera: Blattellidae),
at Different Microhabitats in Semi-natural Conditions when
Treatedwith Sublethal Doses of Chlorpyrifos and Permethrin*,”
Journal of Asia-Pacific Entomology, vol. 1, no. 1, pp. 77–83, 1998.

[18] Y. Liu, S.-H. Lee, and T.-S. Chon, “Analysis of behavioral
changes of zebrafish (Danio rerio) in response to formaldehyde
using Self-organizing map and a hidden Markov model,” Eco-
logical Modelling, vol. 222, no. 14, pp. 2191–2201, 2011.

[19] D. Kavathekar, T. Mueller, and W. F. Fagan, “Introducing AMV
(Animal Movement Visualizer), a visualization tool for animal
movement data from satellite collars and radiotelemetry,” Eco-
logical Informatics, vol. 15, pp. 91–95, 2013.

[20] O. T. Inan, O. Marcu, M. E. Sanchez, S. Bhattacharya, and G.
T. A. Kovacs, “A portable system for monitoring the behavioral
activity of Drosophila,” Journal of Neuroscience Methods, vol.
202, no. 1, pp. 45–52, 2011.

[21] E. O. Johnson, T. C. Kamilaris, G. P. Chrousos, and P. W. Gold,
“Mechanisms of stress: A dynamic overview of hormonal and
behavioral homeostasis,”Neuroscience&Biobehavioral Reviews,
vol. 16, no. 2, pp. 115–130, 1992.

[22] H. Dutta, J. Marcelino, and C. Richmonds, “Brain acetylcho-
linesterase activity and optomotor behavior in bluegills, lepomis
macrochirus exposed to different concentrations of diazinon,”
Archives of Physiology and Biochemistry, vol. 100, no. 5, pp. 331–
334, 1992.

[23] A. N. Schore, “Dysregulation of the right brain: A fundamental
mechanism of traumatic attachment and the psychopathogene-
sis of posttraumatic stress disorder,” Australian & New Zealand
Journal of Psychiatry, vol. 36, no. 1, pp. 9–30, 2002.

[24] S. S. Killen, S. Marras, N. B. Metcalfe, D. J. McKenzie, and P.
Domenici, “Environmental stressors alter relationships between
physiology and behaviour,” Trends in Ecology & Evolution, vol.
28, no. 11, pp. 651–658, 2013.

[25] US EPA., 2013. Risks of deltamethrin use to federally threatened
bay checkerspot butterfly (Euphydryas editha bayensis), valley
elderberry longhorn beetle(Desmocerus californicus dimor-
phus),California tiger salamander (Ambystoma californiense),
central California distinct population segment, and delta smelt
(Hypomesus transpacificus), and the federally endangered
California clapper rail (Rallus longirostris obsoletus), Califor-
nia freshwater shrimp (Syn caris pacificus), California tiger
salamander (Ambystoma californiense), Sonoma county dis-
tinct population segment and Santa Barbara county distinct
population segment, San Francisco garter snake (Thamnophis
sirtalis tetrataenia), and tidewater goby (Eucyclogobius new-
berryi) available at, https://www.epa.gov/espp/litstatus/effects/
redleg-frog/2013/deltamethrin/analysis.pdf.

[26] T. Narahashi, “Nerve membrane Na+ channels as targets of
insecticides,” Trends in Pharmacological Sciences, vol. 13, no. C,
pp. 236–241, 1992.

[27] H. Toumi, M. Boumaiza, F. Immel, B. Sohm, V. Felten, and J.-F.
Férard, “Effect of deltamethrin (pyrethroid insecticide) on two
clones of Daphnia magna (Crustacea, Cladocera): A proteomic
investigation,” Aquatic Toxicology, vol. 148, pp. 40–47, 2014.

[28] WHO, Methomyl-Environmental Health Criteria, vol. 178,
World Health Organisation, Geneva, Switzerland, 1996.

https://www.epa.gov/espp/litstatus/effects/redleg-frog/2013/deltamethrin/analysis.pdf
https://www.epa.gov/espp/litstatus/effects/redleg-frog/2013/deltamethrin/analysis.pdf


10 Journal of Toxicology

[29] B. D. Banerjee, V. Seth, and R. S. Ahmed, “Pesticide-induced
oxidative stress: perspectives and trends,” Reviews on Environ-
mental Health, vol. 16, no. 1, pp. 1–40, 2001.

[30] F. El-Demerdash, Y. Dewer, R. H. ElMazoudy, and A. A.
Attia, “Kidney antioxidant status, biochemical parameters and
histopathological changes induced bymethomyl in CD-1 mice,”
Experimental and Toxicologic Pathology, vol. 65, no. 6, pp. 897–
901, 2013.

[31] J. E. Casida, “Esterase inhibitors as pesticides,” Science, vol. 146,
no. 3647, pp. 1011–1017, 1964.

[32] C. A. Edwards and S. W. Fisher, “The use of cholinesterase
measurements in assessing the impacts of pesticides on ter-
restrial and aquatic invertebrates,” in Cholinesterase Inhibiting
Insecticides: Their Impact on Wildlife and the Environment, P.
Mineau, Ed., p. 256, Elsevier, New York, NY, USA, 1991.

[33] L. Guilhermino, M. N. Lacerda, A. J. A. Nogueira, and A. M. V.
M. Soares, “In vitro and in vivo inhibition of Daphnia magna
acetylcholinesterase by surfactant agents: Possible implications
for contamination biomonitoring,” Science of the Total Environ-
ment, vol. 247, no. 2-3, pp. 137–141, 2000.
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