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Abstract

In the United States, Sevin'™ brand insecticide is one of the most commonly used insecticides. The active
ingredient in Sevin™!, carbaryl (1-napthyl-N-methylcarbamate), is a known acetylcholinesterase (AChE) in-
hibitor that prevents the breakdown of acetylcholine to acetate and choline at the synapse. While carbaryl
successfully causes the death of insects by paralysis, it has also been shown to have negative effects on the
development of several nontarget species. To study the effects of carbaryl on nontarget species, zebrafish
(Danio rerio) were used, as they are a good model for both toxicology and development studies. Our study
suggests that carbaryl induces changes in morphology, specifically in embryo size and shape. Additionally,
carbaryl causes defects in heart formation that is characterized by a decrease in heart rate and a developmental
delay/defect in cardiac looping. A significant decrease in the number of spinal cord neurons present was also
observed. Further investigation showed that there was an increase in cell death in carbaryl-treated embryos. The
results indicate that carbaryl may have a greater environmental impact than initially intended. Our study, which
was conducted solely by undergraduates at a liberal arts college, indicates that carbaryl may be detrimental to

the development of nontarget species.

Introduction

INSECTICIDES ARE POWERFUL AGENTS that kill unwanted in-
sects in the applied area. One of the most common insec-
ticides in the United States is Sevin™. The active ingredient of
this particular insecticide, carbaryl (1-napthyl-N-methylcar-
bamate), was the third highest ranking nonagricultural pes-
ticide and highest ranking nonagricultural insecticide used for
2005 and 2007." Annually, 4-6 million pounds of carbaryl are
distributed in the United States." Although it effectively kills
insects, it has also been observed to have effects on nontarget
species, specifically aquatic organisms.” With a half life of 3-8
days, and high levels of carbaryl being used annually, the
impact can be significant.> According to the Environmental
Protection Agency (EPA), it is probable that carbaryl will
leach into groundwater.4 The potential impact of carbaryl on
nontarget species has not gone unnoticed by several European
counties. Germany, Austria, and Sweden have all banned the
use of Carbaryl.5 In order to study the effects of carbaryl on a
nontarget aquatic species, zebrafish (Danio rerio) were used as
a model.

Carbaryl is a known inhibitor of the enzyme acetylcholine-
sterase (AChE), which is responsible for converting acetyl-
choline (ACh), a neurotransmitter, into acetate and choline at

the synapse.® Although AChE is expressed in a variety of tis-
sues, it is especially important at the neuromuscular junction.7
If the breakdown of ACh does not occur, the neurotransmitter
remains bound to the acetylcholine receptor (AChR) and
muscle stimulation persists, eventually leading to paralysis due
to muscle atrophy.” This can have severe implications on de-
velopment, especially since AChE is expressed early in somi-
togenesis at approximately the 6 somite stage in zebrafish.®
ACHhE has been indicated as being important for neuronal de-
velopment, muscle development, and axon outgrowth.7'9'10 If
ACHhE function is completely eliminated, zebrafish experience a
severe decrease in motility and premature death.”

In addition to being an AChE inhibitor, carbaryl has also
been shown to interact with aryl hydrocarbon receptors
(AhR).! The roles of AhR are vast and include aiding in cell
differentiation, cell proliferation, and regulating metabolic
enzymes.'>'? AhR are activated by the binding of a ligand in
the cytoplasm; this is followed by a translocation of the
complex to the nucleus where it recognizes specific DNA se-
quences.'® Transcriptional activation by AhR is facilitated by
molecules such as cAMP response element-binding protein
(CBP)."* When carbaryl is complexed with AhR, CBP is un-
able to interact with AhR." This could have several effects
downstream in the signaling pathway, specifically in terms of
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gene expression. Interestingly, carbaryl can also induce tran-
scriptional activation when it complexes with AhR.'” In terms
of interactions of carbaryl with AhR, they can be classified as
agonistic (triggering a cellular response) and antagonistic
(blocking agonistic responses), implicating that carbaryl can
effect gene expression in either a positive or negative man-
ner.' Therefore, carbaryl may affect gene expression directly
via AhR or indirectly via CBP.

Zebrafish are a great model for toxicology studies. Embryos
can easily be exposed to a potential toxicant by simply in-
troducing the toxicant to water. Because zebrafish embryos
are relatively large, molecules can be introduced to their
system without the use of injection.'® Toxicants, such as car-
baryl, simply diffuse across the chorion and into the zebrafish,
or if the toxicant does not diffuse thru the chorion, the em-
bryos can be dechorionated. In addition, the effects of the
toxicant on the morphology of zebrafish can be easily visu-
alized due to the transparency of the embryos.'® Zebrafish
were used previously to study the effects of chlorpyrifos
(CPF), an organophosphate pesticide that is also an AChE
inhibitor, on neurodevelopment.'” The success of this study
further indicates zebrafish as a good model for toxicology
studies. The combination of toxicological relevance with the
preexisting knowledge about the development of zebrafish
makes them an ideal model for the study of the effects of
carbaryl on development.

In previous studies, it was observed that carbaryl retards
embryonic development, affects embryo size, and delays
hatching.* The data presented here are a complementary anal-
ysis that shows that carbaryl not only affects overall morphol-
ogy, but also heart and neuronal development, and ultimately
increases cell death. This indicates that the biological impact of
carbaryl may extend beyond its market use as an insecticide.

Wittenberg University is an undergraduate, liberal arts
institution with approximately 2000 students located in Ohio.
While there is no requirement for independent student re-
search within the Biology and Biochemistry & Molecular
Biology curriculums, faculty within these programs are ac-
tively engaged in student research and believe that student
research is a tool for teaching science. After being invited to
join the laboratory, an incoming undergraduate student dis-
cusses the relevant background information and laboratory
techniques about his/her specific project with Dr. McWhorter.
He/She will then usually “shadow” another more senior stu-
dent in the laboratory to learn specific techniques. Students who
join the laboratory and obtain relevant data are then given
opportunities to present their research at professional confer-
ences as either poster or oral presentations. In addition, students
learn valuable skills that are greatly beneficial as they progress
toward graduate or medical school including: 1) critical think-
ing and problem solving, 2) laboratory skills such as pipette
usage and RNA in situ hybridization, 3) critical evaluation of the
scientific literature, and 4) oral and written presentation skills.

Materials and Methods
Fish maintenance

Adult zebrafish were maintained at 28°-30°C as previously
described."® Embryos were allowed to develop at 28°C and
staged in hours post fertilization (hpf).19 The fish that were used
were derived from cross of AB and LF. Wittenberg University’s
TACUC approval was received for these experiments.
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Treatment

Embryos were exposed to either a 0.2% methanol control
treatment, 20 ug/mL carbaryl, or 40 ug/mL carbaryl (PST-100;
Ultra) treatment. The carbaryl stock solution was produced by
dissolving carbaryl in 100% methanol; carbaryl solubility has
been previously reported.* Treatment solutions contained a
2:1 ratio of 1-phenyl-2-thiourea (0.003% PTU) to embryo me-
dium'® and were applied prior to gastrulation. Embryos were
kept at 28°C and remained in the treatment solution for the
duration of the experiments. Methanol or carbaryl treatment
was not reapplied.

Survival rates

Embryos were considered “dead” if they were simply a
mass of gray/black cells accompanying the yolk and/or if
there was no detectable heart rate by 27 hpf.

Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed using
digoxigenin-labeled antisense RNA probes: cmlc2?!; gefiltin/
internexin neuronal intermediate filament o b**; or gata3.”
Whole-mount in situ hybridization protocol (1277073; Roche)

was performed as previously described.**

Neuronal counting

For gefiltin 1 studies, neuronal counting began slightly
past the hindbrain, at the point where the neurons become
parallel, and extended to the tip of the tail. Individual cells
were counted conservatively based upon staining. Cells
were identified by being a singular unit that was round or
oblong in shape. If it was unclear whether one or two cells
were present, it was counted as one cell. Distinct separation
was necessary for cells to be counted as individual and
unique neurons.

Heart beat counting

The number of heart beats in embryos was counted for one
minute in embryos of the same age. Each embryo was counted
once. This is easily accomplished because the heart is visible
during development. Counting was performed under a Leica
S8Ap0 microscope.

Immunohistochemistry

Immunohistochemistry and imaging were performed es-
sentially as previously described.”>® Znp1 monoclonal anti-
body was obtained from Hybridoma Bank and was used at
1:100;* secondary and tertiary antibodies (mouse PAP sys-
tem) were obtained from Covance (SMI-5010L and SMI-
4050L, respectively).

Acridine orange

Live embryos were dechorionated and placed in 10 ug/mL
acridine orange (318337; Sigma) in embryo medium, then
incubated for 30 min (28.5°C). Embryos were washed three
times at 10 min in embryo medium, then observed under UV
light. A Nikon Eclipse E400 microscope with Diagnostic
Instruments, Spot camera (V2.2.0) was used to take live
images.
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Statistical analysis

A Student’s t-test was performed at the 99% confidence
interval for the gefiltin 1 neuron counts and the heart rate data.
Kaplan-Meier plots were generated with Minitab™ software.

Microscopy

Unless otherwise specified, all images were taken on a
Leica S8ApO microscope using a Leica DFC290 camera with
Leica Image Software V 2.8.1.

Recruitment of students

Students were either directly selected by Dr. McWhorter or,
due to a mutual research interest, inquired themselves about
research opportunities available within her laboratory. In Dr.
McWhorter’s laboratory, it has been extremely helpful to have
taken the upper level Developmental Biology course, al-
though not required. In addition, Dr. McWhorter did not ac-
cept a student into her laboratory unless she had them in a
course previously. With the exception of 1 student who joined
the laboratory as a freshmen, all other students were juniors
when they joined the laboratory.

Results

Carbaryl-treated embryos exhibit morphological
changes

In order to assess lethality and gross developmental chan-
ges, embryos were exposed to two different concentrations of
carbaryl. In previous studies on zebrafish using carbaryl, a
concentration of 10 ug/mL was used.”® To determine the
phenotype at higher concentration of carbaryl, zebrafish were
treated with 20 ug/mL and 40 ug/mL carbaryl solutions.
Control embryos were exposed to a 0.2% methanol treatment
to match the concentration of methanol in the carbaryl-
containing solutions. Methanol treatment of embryos did not
result in substantial changes from wild-type morphology or in
lifetime expectancy (Figs. 1 and 2). Also, the addition of PTU
did not alter the observed morphology of control or carbaryl-
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treated embryos; melanocyte morphology was similar be-
tween methanol control and carbaryl-treated embryos (Data
not shown). Embryos were exposed to the treatments prior to
gastrulation and remained in the same solution, without re-
applying treatment, until they were fixed or analyzed. For
embryos 24 hpf to 72hpf, lethality increased with the con-
centration of the carbaryl in solution (Fig. 1). Concentrations
of 40 ug/mL resulted in 100% lethality between 24-27 hpf.
Additional survival data were collected to determine when
carbaryl-treated embryos were dying prior to 24 hpf (Sup-
plementary Fig. S1; Supplementary Data are available online
at www.liebertpub.com/zeb). Embryos appeared to be dying
between 10-12hpf (corresponding with gastrulation) and
then again around 22-24 hpf. Those embryos that did survive
past gastrulation had severe morphological abnormalities
(Supplementary Fig. S2).

In contrast to the 40 ug/mL dose, a concentration of 20 ug/
mL allowed 20%-30% of embryos to live for an additional
24-48 hours (Fig. 1), but still showed significant death and
morphological changes. All embryos treated with 20 ug/mL
carbaryl were dead at 72 hpf. Because of the increased study/
observation window, the concentration of 20 ug/mL was
used for the duration of the experiment. (Any time the term
“carbaryl treated” appears in the remainder of this article, it is
referencing a concentration of 20 ug/mL). These data sug-
gested that the effects of carbaryl are dose-dependent, which
are consistent with previous results.”®

When exposed to carbaryl, zebrafish embryos exhibited a
general developmental delay and morphological defects as
early as gastrulation (data not shown). Throughout the du-
ration of the study, carbaryl-treated embryos never recover
after being exposed to carbaryl, as characterized by an en-
during delay in physical development. At 24 hpf, the mor-
phological difference was pronounced (Fig. 2). The increased
curvature of the tail was especially noticeable (Fig. 2B). As the
embryos aged, the physical malformation increased. The
embryos were considerably smaller and there were obvious
changes in the tail morphology and the cardiovascular de-
velopment, as evidence by blood pooling around the heart
(Fig. 2D). Additionally, when carbaryl-treated embryos were

Treatment
20ug/ml carbaryl
— — d0ug/fml carbaryl
- === MeOH

— - None

5 60

Time in Hours Post Fertilization (hpf)

FIG. 1.

Exposure to carbaryl results in decreased survival in a dose-dependent manner. Kaplan-Meier survival plots are shown

for the different treatment types: none (n=25), MeOH (n=61), 20 ug/mL carbaryl (n=445), and 40 ug/mL carbaryl (1=25).
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FIG. 2. Carbaryl-treated embryos exhibit morphological defects. Lateral views of MeOH control embryos (A and C) and
20 ug/mL carbaryl-treated embryos (B and D). Embryos (C and D) have been treated with phenol thiouridine (PTU). (A and
B) are 24 hpf, and (C and D) are 50 hpf. Different focal plane images were merged in Photoshop to produce complied images

(C and D). Scale bars: (A and B) 120 um; (C and D) 500 um.

stimulated with a probe, their response was characterized as
having a sluggish escape response by at least 24 hpf. After
48 hpf, carbaryl-treated embryos often experienced whole
body paralysis and were unresponsive to touch. This pheno-
type is similar to that observed in ache mutant embryos at this
age.7 Due to these initial observations, cardiac and neuro-
logical development were studied further, specifically looking
at molecular changes which have previously not been de-
scribed in other studies.

Carbaryl-treated embryos experience defects
in cardiac development

Because zebrafish are transparent, the development of their
heart is easily observed. Upon examination of the carbaryl-
treated embryos beginning at 24 hpf, cardiac edema and blood
pooling were observed. Additionally, when the heart rate
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(beats per minute) was calculated (Fig. 3), there was a statisti-
cally significant decrease (p<0.001) in the rate for carbaryl-
treated embryos compared to controls. This decrease was evi-
dent at 24 hpf, shortly after the heart begins beating. By 60 hpf,
the heart rate for carbaryl treated embryos was less than half of
the control counterparts. In order to determine if there was a
defect that occurred during the development of the heart, early
development of cardiac precursors were examined. Cardiac
lateral plate mesoderm (LPM) was examined by using a RNA
in situ hybridization with a probe assaying for cmic2, cardiac
myosin light chain 2. A decrease in the overall cardiac precursor
field was observed as well as defects and delays in cardiac tube
migration and fusion (Fig. 4B-D). Additionally, the process of
cardiac looping also appeared to be either delayed or defective
in a small percentage (~10%) of carbaryl-treated embryos (Fig.
4F-H). Although a functional heart did form in most cases, it
did not perform optimally and had morphological defects.

B MeOH control
M Carbaryl

48 60 72

FIG. 3. Carbaryl treatment results in significantly decreased heart rates. Average heart rate (in beats per minute) are shown
for MeOH control (n=10) and carbaryl treatment (n=69). By 72 hpf, all carbaryl embryos no longer had beating hearts and
were considered deceased. (* indicates p<0.001 for Student’s t-test; error bars indicate standard deviation)
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FIG. 4. Carbaryl-treated embryos have both a decrease in
overall number of cardiac precursor cells and delay in car-
diac precursor migration. Dorsal views of whole-mount
RNA in situ hybridization for cardiac myosin light chain 2
(cmilc2) in MeOH control (A and E) and carbaryl-treated
embryos (B-D, F-H) embryos at 20 hpf (A-D) and 30 hpf (E-
H). Note the range of phenotypes in carbaryl-treated em-
bryos from reduced endocardial tube fusion (B and C; arrow
denotes reduced fusion) to almost complete absence of cmic2
expression in cardiac field (D). Also note the range of later
phenotypes in which ~10% of embryos have an endocardial
tube that either has substantial delays in looping or fails to
loop (F and G), or loops to the right side (* denotes looping to

the right), instead of to the left (H). Scale bars: (A-D) 50 um;
(E-H) 75 ym.

Carbaryl-treated embryos have a reduced number
of neurons in the spinal cord and defects in motor axon
pathfinding

By 72 hpf, carbaryl-treated embryos had lost their ability to
move and respond to external stimuli, which is consistent
with carbaryl’s role as an AChE inhibitor and suggested a
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neuromuscular defect. To determine how neurons were af-
fected by carbaryl, the number of spinal cord neurons was
examined. RNA in situ hybridization with a probe directed
against the neuronal specific gefilitin1 (internexin neuronal in-
termediate filament o b) gene revealed a significant decrease in
the number of neurons present from below the hindbrain to
the tip of the tail (Fig. 5A-G). This difference was found to be
statistically significant (p <0.001). Upon closer examination of
the spinal cord, a regional decrease in the number of neurons
among carbaryl treated embryos becomes more apparent
(Fig. 5A’-F’). In addition to the spinal cord defects observed,
there was a decrease in gefiltin 1-positive neurons in the brain
regions, although those were not quantified (Supplementary
Fig. S3).

Upon examination of motor axon development, it was ev-
ident that carbaryl embryos exhibited motor axon pathfinding
defects. Antibody staining with znp1 revealed errors in motor
axon pathfinding compared to controls. The motor axons
were truncated, or exhibited uncharacteristic branching pat-
terns (Fig. 6A-D). Motor axon pathfinding was only slightly
aberrant in ache mutant embryos.”

Carbaryl-treated embryos do not experience changes
in relative quantities of non-neuronal ectoderm

Due to the decrease in the number of neurons, it was hy-
pothesized that either neuronal cells were not specifying
properly or that these cells were undergoing cell death. To
investigate the first hypothesis, RNA in situ hybridization
with a probe directed against the non-neuronal ectoderm
specific gata3 gene was performed. In general, there was no
global change in the amount of non-neuronal ectoderm in
cells, although a slight delay in development was observed, as
evident by the presence of a larger yolk plug in carbaryl-
treated embryos compared to their control counterparts (Fig.
7). Therefore, if neuronal cells were not fated properly, they
were not alternatively specified into non-neuronal cells.

Carbaryl-treated embryos have an increase
in cell death

To investigate the hypothesis that the neuronal deficit can
be accounted for by an increase in cell death, acridine orange
was used to visualize dying cells in live embryos (Fig. 8).
Although control embryos did have some dying cells, this is a
common characteristic of development.®* In contrast, the
amount of cell death that carbaryl-treated embryos experi-
enced exceeded that of controls (Fig. 8). In addition, there was
alocalization of dying cells that appeared to be adjacent to the
heart cavity (Fig. 8B, arrow) Also, dying cells along the extent
of the brain and spinal cord were detected. The cell death that
was observed is consistent with cardiac and neuronal defects
described previously.

Discussion

Using the power of zebrafish as both developmental
and toxicological models, our study has shown carbaryl to
have a significant impact on early developmental processes.
Our results indicate morphological, cardiac, neurological de-
fects, and an increase in cell death when embryos are treated
with carbaryl. Further, our results indicate that carbaryl may
be having some non-acetylcholinesterase effects.
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FIG.5. Carbaryl-treated embryos have a reduced number of gefiltin 1 positive neurons at 24, 36, and 48 hpf. Dorsal views of
whole-mount RNA in situ hybridization using gefilitin 1 on MeOH control embryos (A, C, E; n=89, 31, 53, respectively) and
carbaryl-treated embryos (B, D, F; n=30, 48, 31, respectively) at 24 hpf (A and B), 36 hpf (C and D), and 48 hpf (E and F).
Individual neurons are labeled. Enlarged views of panels A-F are shown (A’-F’). Quantification of gefiltin 1 positive cells
indicate a statistically significant (* indicates p <0.001) decrease in the number of neurons in carbaryl-treated embryos, where
error bars indicate standard deviation (G). Different focal plane images were merged in Photoshop to produce complied
images. Also images (A’-F’) were sharpened in Photoshop. Scale bars: (A-F) 250 um; (A’-F’) 50 pm.

Carbaryl exhibits non-acetylcholinesterase effects

Although carbaryl is characterized as an AChE inhibitor,
our results indicate that the role it plays extends far beyond
simple inhibition of AChE. Previous studies have examined
the effects of loss of functional AChE by studying ache mutant
zebrafish embryos. These embryos have impaired motility,
decreased response to stimulus, and neuromuscular junction
impairments.” Motility impairment in ache embryos begins
around 27hpf,” which is similar to when it is observed in
carbaryl-treated embryos. Also, total body impairment by 3
days of development was the same for both carbaryl and ache

embryos. These observations are consistent with AChE inhi-
bition; however, our data indicates that carbaryl causes a
defect as early as gastrulation (Supplementary Fig. 1, and data
not shown). ache expression does not occur until the 6 somite
stage, well after gastrulation occurs.” Additionally, it was
observed in ache mutant embryos that there were no severe
defects in motor axon pathfinding of primary motor neurons.”
Our data show moderate and severe defects in motor axon
pathfinding. Although there are some phenotypic similarities
with AChE inhibition, as shown by ache comparison, addi-
tional observations indicate that carbaryl may have non-
AChE effects on developing embryos.
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FIG. 6. Carbaryl-treated embryos exhibit errors in motor neuron pathfinding. Lateral views (A-D) of MeOH control (A and
C) and carbaryl-treated embryos (B and D) whole-mount antibody-stained for the znp1 antibody showing motor axons at
26hpf (A and B) and 32hpf (C and D). The arrow indicates points of truncation and the arrowhead indicates excessive

branching. Scale bar: (A and B) 25 um; (C and D) 30 um.

A

FIG. 7. Carbaryl-treated embryos do not have significant
changes in levels of gata 3 expression during gastrulation.
Lateral views of gata 3 RNA in situ hybridization on MeOH
control (A, C, E) and carbaryl-treated (B, D, F) embryos at
9hpf (A and B), 10hpf (C and D), and 11 hpf (E and F). The
ventral side is to the left. Overall, no global change in gata 3
expression is indicated; however, a slight delay in gastrula-
tion is apparent (A and F). Images were brightened using
Photoshop. Scale bar: 250 ym.

In addition, it has been shown that several other AChE
inhibitors exhibit non-AChE effects. Zebrafish exposure to
tacrine (TAC) or erdophonium (EDRO), known AChE inhib-
itors, result in changes in cell migration and aberrant neuro-
genesis.30 These effects were not observed in ache embryos,
indicating that these compounds are having alternate effects
and may be interacting with another target.*® It is possible
that non-AChE effects of carbaryl are also being observed.
Non-AChE effects are also consistent with the previous
studies that have found that AhR are affected by carbaryl."
Zygotic AhR expression begins at 4hpf.*' Carbaryl-treated
embryos appear to be dying during times in which gastrula-
tion is occurring (Supplementary Fig. S1), it is very possible
that carbaryl is interacting with AhR and altering gene ex-
pression via changes in activity of CBP during this time of
zygotic gene expression. Assuming these gene expression
changes are significant, AhR binding by carbaryl would offer
an explanation for the observed non-AChE effects.

A neuronal deficit may result due to an increase
in apoptosis

The results obtained from doing RNA in situ hybridization
with a probe assaying for spinal cord neurons, showed that
there is a statistically significant decrease in neurons. We
proposed two explanations for this observed deficit: failure
for proper specification of neuronal-fated cells or an increase
in cell death in neuronal-fated cells. If ectoderm cells were not
specified properly into neuronal ectoderm, then it would be
expected that alternatively, they would be becoming non-
neuronal ectoderm. The data obtained examining non-
neuronal cells indicated that this is not the case. There was no
global change in the amount of non-neuronal ectoderm
present between carbaryl treated and control embryos. These
data did suggest a slight developmental delay during gas-
trulation and may indicate a defect in convergence and ex-
tension, although this feature has not yet been examined. In
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FIG. 8. Carbaryl-treated embryos experience an in-
crease in cell death. Lateral views of MeOH control
(A) and carbaryl-treated (B) embryos exposed to ac-
ridine orange at 48 hpf. Dying cells near the heart, in
the head region, and along the spinal cord are ap-
parent in carbaryl-treated embryos (B; arrows), and far
exceed the amount of dying cells observed in MeOH
control embryos. Different focal plane images were
merged in Photoshop to produce complied images.
Scale bar: 500 um.

contrast, the assay for cell death indicated that there was an
increase in cell death globally. Some of these cells are likely to
be neuronal based on their location along the spinal cord of
the embryo. In addition, TUNEL assays examining apoptosis
suggest that observed cell death may be due to apoptosis,
specifically (data not shown). This further implies that the
observed decrease in neuronal cells in carbaryl-treated em-
bryos is due to apoptosis, not improper specification. In ad-
dition, motor axon pathfinding errors could provide a
potential mechanism for neuronal cell apoptosis, as proper
contact with the target cell is necessary for the neuron to
survive. Although paralysis in carbaryl-treated embryos most
likely results from chronic hyperactivation due to AChE in-
hibition, the observed motor axon defects in carbaryl treated
embryos may contribute to paralysis defects in older embryos.
It is also possible that a defect in cell proliferation could also
explain the decreased number of neurons.

Carbaryl impacts cardiac development and physiology

A previous study showed that carbaryl affects heart de-
velopment.?® Several of our findings are consistent with their
results, including pericardiac edema and decrease in heart
rate.?® One difference, however, was that a greater difference
in heart rate was observed in our study. Additionally, our
study observed death at 72 hpf, whereas Lin and colleagues
continued to count heart rate up until 96 hpf.?® These impor-
tant differences can be explained by the use of a two-fold
higher concentration of carbaryl treatment for our experi-
ment. This demonstrates that the effects of carbaryl are dose-
dependent. There were additional differences that were
observed between the two experiments that are most likely
explainable by concentration differences. In about 10% of the
carbaryl-treated embryos, a defect in cardiac looping was
observed. Lin and colleagues did not observe altered looping
patterns.”® Our study was uniquely different from their study
in terms of investigating changes in early cardiac precursors
using RNA in situ hybridization. Lin and colleagues did not
examine heart development at very early stages, only the ul-
timate formation of heart chambers and the distance between
the sinus venosus and the bulbus arteriosus. The findings
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presented here suggest there are fewer cardiac precursor cells;
in addition, a delay or defect in their migration to the midline
occurs, which is a novel observation. This heart defect could
offer an explanation for the observed blood pooling.

Carbaryl toxicity has environmental implications

In terms of environmental implications, we have shown
that the carbaryl acts in a dose-dependent manner. Although
a concentration of 20 ug/mL would not be found in all water
sources, this concentration has been discovered in some sur-
face and ground water.>? At this concentration, carbaryl is
sufficient to cause damage to the development of aquatic
wildlife. It would be interesting to explore how the concen-
tration of carbaryl in water sources varies during different
agricultural seasons and after rainfall. Concentrations may be
highly variable and equal or exceed our 20 ug/mL concen-
tration of carbaryl, depending on weather conditions. These
detailed studies would help to give an indication of how high
concentrations are within the environment. Based on our re-
sults, the effects of carbaryl would be predicted to have a
larger impact on the entire aquatic ecosystem and to affect
more species than just the targeted insects.

Strategies for undergraduate research

This research project was carried out solely by under-
graduate students at Wittenberg University. This manu-
script was written by the first author of the paper (Elizabeth
N. Schock) with editorial comments/suggestions from the
corresponding author (Michelle L. McWhorter); however,
the research was a compilation of work from the 5 student
authors. Wittenberg has some funding for undergraduate
student research, including supply grants, summer grants
(both for the student and the mentoring faculty member),
and travel grants to present research at scientific meetings.
Summer grant support was crucial for 2 student authors
of this project, as it allowed them to become immersed
in laboratory science for an entire summer. In addition
to financial support, the process of writing the grant(s)
helped facilitate student learning; through writing the
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grant(s), students better understood and contextualized
the project. In addition, travel to meetings allowed stu-
dents to present their research and discuss the research
project with others, thus reinforcing the scientific process.
Four of the 5 student authors presented their research
findings at professional scientific meetings, which were
funded by the University.

One key strategy for obtaining publication quality research
from undergraduate students was to assign a single, initial
experiment with a concrete objective to a student who had
recently joined the laboratory. Assigning many pieces of the
same puzzle to several students was an efficient method for
obtaining data. Some students, after joining the laboratory,
found that they were not well suited to laboratory research
and quickly abandoned the project. In contrast, the student
authors of this study continued to progress and take on ad-
ditional projects and responsibilities. To increase commitment
to research at Wittenberg University, students may take
course credit for research within the laboratory, particularly
when, as in the Biology and Biochemistry and Molecular
Biology curriculums, students apply credit towards their
majors. Three of the 5 student authors successfully completed
course credit for their independent research. Our under-
graduate laboratory also fostered mentoring of underclass-
men by the upperclassmen. Not only did this facilitate
learning by the underclassmen, but also reinforced the com-
prehension of the upperclassmen. Our future goal is to give
more opportunities for underclassmen (freshmen and soph-
omores) within the laboratory so that they can, not only be
mentored by the upperclassmen, but that these students will
have more time to produce publication quality experiments
before graduating. This is often a balancing act with the
availability of the faculty mentor and the normal “critical
mass” within a laboratory, which in our case has been 2—4
students. The implementation of these strategies allowed for
undergraduates to obtain publication quality data and to
publish their research in a peer-reviewed scientific journal.
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