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Abstract

Fish and aquatic amphibians possess neuromasts on the surface of their body that constitute the lateral line, a sensory sys-
tem used to detect water displacement. Copper is known to inactivate the neuromast organs of this system. Copper-induced
neuromast loss in African clawed frogs, Xenopus laevis, was examined by exposing Nieuwkoop-Faber stage 5455 larvae
to copper concentrations of 0, 100, 200, 300, and 400 ug/L for 96 h, followed by an examination of neuromast counts, stain-
ing intensity, and behavioral responses. Neuromasts were counted using a novel imaging method across four different body
regions: the whole body, partial body, head, and tail. Neuromast counts showed a decreasing, but nonsignificant, trend across
increasing levels of copper exposure. Intensity of neuromast staining showed a stronger concentration-dependent decrease in
all four body regions. The decrease in staining intensity, but not neuromast number, may indicate that although neuromasts
are still functioning, they have a decreased number of viable hair cells. Potential loss of responsiveness related to neuromast
damage was examined via sensitivity to puffs of air at varying distances. We detected little to no difference in response to
the air puff stimulus between control tadpoles and tadpoles exposed to 400 pg/L of copper. Neuromasts of X. laevis may be
more resistant to copper than those of North American tadpole species, possibly suggesting greater tolerance of the lateral
line to environmental stressors in species that maintain this sensory system throughout their lifespan as compared with spe-
cies that only have the lateral line during the larval period.

The ability of organisms to interact with their biotic and
abiotic environments is essential for survival and reproduc-
tion, and various sensory systems are vital for responding
to environmental stimuli. Vertebrates living in aquatic envi-
ronments use many of the same sensory systems as terres-
trial animals, including vision, somatasense, olfaction, and
auditory (Collin and Marshall 2008). Some aquatic spe-
cies possess electroreception (Collin and Marshall 2008).
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Additionally, fish, larval amphibians, and some adult aquatic
amphibians have a mechanosensory lateral line system (Rus-
sell 1976) comprised of an array of neuromasts distributed
across the body (Bleckmann and Zelick 2009). In fish, neu-
romasts can be located on the skin (superficial neuromasts)
or within canals that channel water over the neuromasts,
whereas amphibians only have superficial neuromasts (Rus-
sell 1976). Lateral lines enable animals to sense water dis-
placement and pressure changes (Bleckmann and Zelick
2009). By sensing water displacement, the lateral line sys-
tem helps fish and amphibians perform various behaviors,
including escaping predators (Stewart et al. 2013), capturing
prey (Junges et al. 2010), schooling (Partridge and Pitcher
1980), and navigating their surroundings (Burt de Perera
2004).

Neuromasts contain hair cells covered by a cupula that
provides some protection from mechanical damage to the
cells (Bleckmann and Zelick 2009). The hair bundle is the
part of the cell responsible for signal transduction (Schwan-
der et al. 2010) and is composed of stereocilia of varying
length (Bleckmann and Zelick 2009). Mechanotransduction
is the conversion of a mechanical stimulus to an electro-
chemical signal and occurs at the apices of the stereocilia
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(Hudspeth and Corey 1977; Chou et al. 2017). This pro-
cess occurs when water displacement bends the hair bundle
towards the longest stereocilia, thereby opening mechani-
cally gated ion channels located on the apices and allowing
cations to move into these channels.

Sublethal concentrations of certain chemicals can tem-
porarily or permanently disable neuromasts (Faucher et al.
2006; Olivari et al. 2008). Temporary disabling of neuro-
masts may occur by toxicants competing with calcium ions
for fixation sites, preventing the ion fluxes necessary for
signal transduction (Hudspeth 1983; Faucher et al. 2006).
Permanent damage is more likely due to oxidative stress and
the accompanying necrosis or apoptosis may be responsi-
ble for killing hair cells of neuromasts (Forge and Schacht
2000; Olivari et al. 2008). For example, aminoglycosides
can disable neuromasts via blockage of transduction chan-
nels (Hudspeth 1983; Kroese et al. 1989) or destruction
of hair cells by free radicals (Forge and Schacht 2000). In
addition, various divalent metal cations including cobalt,
cadmium, and copper can cause hair cell death in fish neu-
romasts, damaging these organs and impairing lateral line
function (Hernandez et al. 2006; Faucher et al. 2006; Olivari
et al 2008). Although concentrations of cadmium (Faucher
et al. 2006) and cobalt (Karlsen and Sand 1987) associated
with neuromast loss are unlikely to be encountered in nature,
environmentally relevant levels of copper cause neuromast
damage (Linbo et al. 20006).

Copper is an essential trace element, although excess
amounts can cause toxicity, particularly for aquatic organ-
isms where copper can have lethal and sublethal impacts
at concentrations less than 100 pg/L (Howarth and Spague
1977; Perwak et al. 1980; Irwin et al. 1997). Sublethal
effects of copper exposure in fish have been examined exten-
sively, including reproduction (Johnson et al. 2007; Sonnack
et al. 2015), body size and heart rate (Johnson et al. 2007),
and olfaction (Hara et al. 1976). Copper also disrupts the
lateral line system of fish by killing hair cells within the
neuromasts at concentrations as low as 25 pg/L (Linbo et al.
2006). Neuromast damage is not necessarily permanent,
as cells can regenerate after removing fish from the cop-
per exposure (Hernandez et al. 2006). Sustained neuromast
damage likely requires constant exposure to copper as shown
by Linbo et al. (2006) wherein damaged neuromasts did not
recover for zebrafish larvae in an experiment in which a
50-pug/L copper solution was renewed every 24 h. However,
after 5 h of copper exposure and a 72-h recovery period,
zebrafish neuromasts were able to regenerate. Additionally,
neuromast loss without regeneration occurred when Johnson
et al. (2007) exposed zebrafish embryos to copper concentra-
tions of 68 ug/L and 244 ug/L for 120 h, renewing 50% of
the test solution every 24 h.

Although most amphibians lose the lateral line system
upon metamorphosis, several aquatic species, including
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Xenopus laevis, retain this sensory system throughout their
entire lifespan, making them ideal model organisms for
lateral line research (Shelton 1970; Russell 1976). Conse-
quently, the lateral line system of Xenopus laevis has been
extensively studied, indicating that the neuromasts of these
animals differ in innervation, distribution, and function
among different parts of the body (Shelton 1970; Mohr and
Gorner 1996; Russell 1976). Neuromasts of the head region,
called anterior neuromasts, are innervated by the anterior
lateral line nerve, whereas trunk (posterior) neuromasts are
innervated by the posterior lateral line nerve (Russell 1976).
Another innervation difference for Xenopus is that groups of
neuromasts, called stitches (Harris and Milne 1966), located
in the anterior lateral line are more often connected to more
than two fibers than in the posterior lateral line (Mohr and
Gorner 1996). The posterior lateral line has more stitches
than the anterior lateral line, but stitch density is greater in
the head region (Mohr and Gorner 1996). Due to these dif-
ferences in innervation and density, neuromasts of the two
body regions have contrasting roles. Head neuromasts are
more important than body neuromasts for detecting surface
waves in X. laevis (Russell 1976) and in surface feeding fish
(Schwartz and Hasler 1966; Bleckmann and Zelick 2009).
Furthermore, although anterior lateral line neuromasts are
likely more important in prey detection in Xenopus, poste-
rior lateral line neuromasts are proposed as more important
in predator avoidance (Mohr and Gorner 1996). Posterior
lateral line neuromasts may be more sensitive to water dis-
turbances, whereas anterior lateral line neuromasts have bet-
ter spatial resolution due to their higher density (Mohr and
Gorner 1996).

As a result of their different innervation, anterior and
posterior neuromasts may differ in sensitivity to chemicals.
Indeed, Hernandez et al. (2006) found differential regen-
eration of hair cells between neuromasts of the head and
body in zebrafish, where body neuromasts were unable to
regenerate at copper concentrations greater than 3.18 mg/L,
but head neuromasts regenerated at copper levels up to
25.42 mg/L. Similarly, posterior neuromasts of zebrafish
were more sensitive than anterior neuromasts exposed to
caffeine, dichlorvos, 4-nonylphenol, and perfluorooctanesul-
fonic acid, as indicated by the number of hair cells stained
and fluorescent intensity of mitochondria (Stengel et al.
2017). Posterior neuromasts were more affected by copper
sulfate and neomycin than were anterior neuromasts after a
30-min exposure period (Stengel et al. 2017). Conversely,
after 96 h of exposure, anterior neuromasts exhibited greater
cellular damage (Stengel et al. 2017). The authors speculated
differential regeneration or repair mechanisms may account
for the contradictory results at 30 min and 96 h.

Neuromast loss can influence animal behavior, as disa-
bling the lateral line system can reduce the ability of fish to
escape predation (Stewart et al. 2013). Even low toxicant
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concentrations can impact anti-predator behaviors. For
example, exposure to cadmium interfered with the startle
response in sea bass (Faucher et al. 2006). Ablation of the
lateral line system also affects predators, as when cobalt
chloride reduced predation success in marbled swamp eels
(Junges et al. 2010). Additionally, damage to the lateral line
can decrease the swimming abilities of aquatic animals, as
shown with cadmium (Baker and Montgomery 2001) and
the aminoglycoside gentamicin (Coombs et al. 2001) inter-
fering with the ability of fish to orientate to currents. Simi-
lar effects were observed with streptomycin interference in
schooling of X. laevis tadpoles (Lum et al. 1982).

The purpose of this study was to examine copper toxic-
ity on neuromasts in X. laevis, a species commonly used in
studies of lateral line function and resulting links to behavior
(Gorner 1973; Elepfandt 1982; Gorner et al. 1984; Claas
et al. 1993; Claas and Dean 2006). Furthermore, we were
interested whether amphibians would exhibit differential
sensitivity of head and body neuromasts, as observed for
zebrafish (Hernandez et al. 2006; Stengel et al. 2017), and
whether copper exposure and its possible damage to the lat-
eral line system would impact behavior as seen with fish and
tadpoles exposed to metals and aminoglycosides (Lum et al.
1982; Baker and Montgomery 2001; Coombs et al. 2001;
Faucher et al. 2006). Neuromasts were quantified by using a
novel automated imaging method, which allowed the count-
ing of neuromasts across large portions of animals’ bodies.

Methods
Animal Source and Husbandry

Nieuwkoop-Faber stage 54—55 Xenopus laevis tadpoles were
obtained from Xenopus1 (Dexter, MI). Stage 5455 tadpoles
were chosen, because the lateral line system of less devel-
oped tadpoles (stage 51-54) was difficult to image using our
imaging procedure (Krupa 2019). Before the beginning of
copper exposures, the stage 54-55 tadpoles were commu-
nally housed in several 2.5-gallon glass tanks. The tadpoles
in each tank were fed 3 mL of 60 g/L solution of Micron
Growth Food by Sera (Heinsberg, Germany) twice a day.

During exposures, tadpoles were kept individually in 3-L
glass jars filled with 1000 mL of carbon-filtered water and
were fed 3 drops of the Sera Micron solution twice a day.
Water temperature ranged between 23-24 °C, pH between
7.8 and 8.0, and photoperiod was set at 12 h light to 12 h
darkness.

Neuromast Study Exposure

Copper sulfate pentahydrate (Sigma-Aldrich, St. Louis, MO)
was used to prepare a stock solution (1000 ug/mL Cu) which

was then used to spike exposure jars. Tadpoles were divided
between 5 treatment groups with 16 tadpoles each. Treat-
ments included a control (0 pg/L Cu) and concentrations of
100, 200, 300, and 400 pg/L copper. These concentrations
were chosen based on preliminary trials to be low enough
to avoid mortality. The copper concentrations used in our
study are higher than those commonly observed in freshwa-
ter in the United States (1-100 pg/L) but are comparable to
concentrations found in polluted sites (Perwak et al. 1980).
Tadpoles were exposed to copper for 96 h in a nonrenewal
exposure. Exposure was split evenly between 2 days to
account for the amount of time needed for the staining and
imaging process. Half of the tadpoles were exposed the day
after arrival; the others were dosed 2 days after arrival. One
individual from each treatment was grouped into a block (16
total) and members of a block were randomly positioned
adjacent to each other on shelves.

Water samples (10 mL) were collected from each treat-
ment group at approximately 24-h intervals to monitor cop-
per concentrations during exposure. Samples were acidi-
fied with 1 mL of 20% nitric acid. Four samples from each
treatment group collected at O and 96 h were analyzed via
inductively coupled plasma optical emission spectrometry
(ICP-OES; iCAP 7400, Thermo Fisher Scientific, Waltham,
MA) to verify concentrations of copper and other metals. A
multielement standard (CPI International, Santa Rosa, CA)
and internal yttrium standard (Peak Performance Inorganic
Trace Metal Yt Standard, CPI International) were used as
calibration standards. The limit of quantitation for copper
was approximately 25 pug/L. The ICP-OES indicated calcium
concentrations of approximately 30 mg/L and magnesium
concentrations of 4 mg/L.

Neuromast Study Staining and Imaging Procedure

Tadpoles were stained and photographed by block (5 tad-
poles at a time) at the end of the 96-h exposure period. The
staining procedure consisted of placing a tadpole in a solu-
tion of 6.34 uM 4-(4-Diethylaminostyryl)-1-methylpyridin-
ium iodide (DiAsp, from Sigma-Aldrich) for 8 min and then
rinsing with carbon-filtered water for 2 min. DiAsp is used
to selectively label neuromasts as the dye enters live hair
cells through mechanotransduction channels located on the
stereocilia (Faucherre et al. 2009). Immediately after rinsing,
tadpoles were euthanized in a 500 mg/L tricaine mesylate
(MS-222) solution for at least 5 min. Tadpoles were always
kept in separate containers, which were covered with alu-
minum foil to prevent photobleaching.

Immediately after euthanasia, tadpoles were placed one
to a well in a six-well plate (Greiner Bio-One, Kremsmiin-
ster, Austria). Each tadpole was positioned on its side with
the head oriented to the left and the tail to the right. Then,
tadpoles were individually photographed by the Cytation 5
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Imaging Reader (BioTek Instruments, Winooski, VT) with
GenS software, using the red fluorescent protein (RFP) fil-
ter, 4 X objective, and LED intensity of 10. Images (TIFF)
were saved for further analysis. A protocol file was cre-
ated in the Gen5 software to image the tadpoles using the
laser autofocus feature. Using laser autofocus decreased the
amount of time needed to capture images and also was a
consistent and efficient method to ensure that neuromasts
were in focus, rather than manually adjusting the focus set-
tings for each tadpole to account for the slight differences
in size and position. Exposure settings for each block were
adjusted by focusing on the upper lateral line (Shelton 1970)
or head neuromasts of the tadpole in the 100 ug/L treat-
ment and held constant for all others. These neuromasts were
chosen because they incorporated stain well and could be
located quickly and easily. Ten larvae (blocks 1 and 2) were
excluded from data analysis since they were unintentionally
photographed at a different LED intensity.

Neuromast Study Quantification

Image files of tadpoles were opened in manual mode of the
Gen5 software and the measure line tool was used to verify
tadpole stage according to foot and leg dimensions (Nieu-
wkoop and Faber 1994). Number of neuromasts was quanti-
fied using the cellular analysis tool to count neuromasts at
different background intensity thresholds optimized to detect
separate objects (Held and Banks 2013). Thresholds that
are too low produce artificially high counts by quantifying
nontarget (i.e., nonneuromast) fluorescing objects and often

Fig. 1 Visualization of how
neuromasts were quanti-

fied. a Image of a tadpole as
captured by the Cytation5 cell
reader using the RFP filter.

b Same image opened in the
Gen5 software for neuromast
quantification. This image has
been cropped according to the
partial body method. The bright
yellow circles indicate objects
(neuromasts and a few instances
of nonspecific label) enumer-
ated by the software; these are
automatically quantified to pro-
vide the “neuromast count.” The
intensity of each counted object
is averaged by the software to
compute the mean “neuromast
intensity” of the image
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incorrectly count multiple neuromasts as a single object. Set-
ting thresholds too high increases the risk of excluding target
neuromasts. Thus, each image was tested at various thresh-
olds to find an optimal balance between minimal background
interference and neuromast detectability (see supplementary
information for a detailed explanation of how the optimal
threshold was chosen). To determine this optimal threshold,
accuracy of neuromast labeling was examined at thresholds
of 5000, 7000, 10,000, and 15,000 relative intensity units
(RIU). If higher thresholds were needed, 20,000, 25,000,
and 30,000 RIU were examined. Once the optimal threshold
was determined, the neuromast count and the mean intensity
of the enumerated objects from each image was recorded
(Fig. 1).

Number and fluorescent intensity of neuromasts were
quantified for four different regions of the body. First, neu-
romasts with an object size restricted to 20—150 um were
counted over the whole body (no cropping of the image).
Next, neuromasts were counted for the “partial body,”
which involved cropping out areas commonly possessing
high levels of nonspecific stain: the bottom of the head, the
legs, and the posterior end of the tail (supplemental infor-
mation; Krupa 2019). Cropping these areas reduced back-
ground interference, allowing the use of a larger and thus
more sensitive object size range (20-200 um). For a few
tadpoles, areas of concentrated nonspecific stain remained,
particularly on the tail, after the images were cropped. These
areas of nonspecific stain were removed if they could be
cropped without excluding neuromasts. After this, neuro-
masts of the head were counted within a region ventral to
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the nostrils, dorsal to the eye, and anterior to the stirnorgan
(supplemental information; Krupa 2019). This excluded
the bottom of the head, which usually contained significant
amounts of nonspecific staining. This method also used an
object size of 20-200 um. Lastly, neuromasts were counted
on a position of the tail 20,000-um long by 2000-um wide
(supplemental information; Krupa 2019) using an object size
of 20-200 um. These different approaches to quantifying
neuromasts were done to reduce artificially high neuromast
counts by excluding areas of nonspecific staining and to
compare neuromast loss between the anterior and posterior
regions of the body.

Images were excluded from analysis if none of the exam-
ined thresholds balanced neuromast detectability with
excluding interference from nontarget objects (see sup-
plemental information). This typically occurred if areas of
nonspecific stain could not be excluded and had a greater
intensity than neuromasts. Five images were excluded from
the whole body method, four from the partial body method,
two from the head method, and six from the tail method.

Behavioral Assay

Stage 54-55 tadpoles were exposed to either O ug/L (n=10)
or 400 pg/L (n=10) copper for 96 h. We chose to test a
control group and the highest concentration from the neu-
romast quantification study (400 ug/L copper), so we could
potentially associate altered behavior with a reduction of
neuromast number or intensity. We did not test additional
copper concentrations, because we assumed if altered behav-
ior was not observed for tadpoles in the 400-pg/L copper
treatment group, behavioral differences in animals exposed
to lower copper concentrations would be unlikely. During
the exposure period, tadpoles were housed individually in
3-L glass jars filled with 1000 mL of carbon-filtered water.
At 96 h, we quantified the response to surface wave stimuli
using a modification of Claas and Dean (2006). Adult Afri-
can clawed frogs orient to air puff stimuli as a predatory
behavior (Claas and Dean 2006). However, our initial efforts
indicated that tadpoles exhibited an antipredator startle
response rather than orientation toward the stimulus. Briefly,
an air puff was delivered to the center of a 60-mm Petri dish
filled to capacity with carbon filtered water and holding the
tadpole (see supplemental information for a photograph of
the apparatus and further details). Tadpoles would typically
orient themselves with the head toward the outside of the
petri dish and the tail near the center, so that the air puff
would be delivered above the posterior end of the tail. Each
tadpole was allowed a 5-min acclimation period after being
placed in the petri dish before delivery of air puffs. Air puffs
were delivered 2, 4, 6, 8, 10, 12, and 14 cm above the surface
of the water. A maximum height of 14 cm was selected,
because although the air puff stimulus still visibly disturbed

the water, tadpoles in preliminary trials rarely reacted to the
stimulus at this height. The order of heights was randomized
for each tadpole, and the initial stimulus at that height was
given 20 s after the height adjustment. Furthermore, stimuli
were delivered five times at each height, and each stimulus
was delivered only after the tadpole had remained motion-
less for 10 s. To ensure that the tadpoles were responding to
the air puff and not to hand movement, the observer would
hold the pipette bulb for at least 5 s before delivering the
stimulus. Reaction of the tadpole to the stimulus also had to
be scored before the observer removed their hand.

The response of tadpoles to each stimulus was scored on a
scale of zero to four. Zero indicates no discernible response
to the stimulus. A score of one denotes one of the follow-
ing slight movements: increased tail movements, a more
rapid rate of tail vibration, or flaring out of the feet. It also
includes a slight forward drift accompanied by no twitching
or active swimming movement; this forward drift had to be
less than one-fourth of the tadpole’s snout-vent length. A
score of two denotes movement less than one snout-vent
length in distance. This includes swimming forward, a full-
body twitch, or a side-to-side rocking movement. A score
of three denotes normal reactions in which tadpoles swam
greater than one snout-vent length, but remained within two
quadrants of the dish (delineated beforehand by drawing
lines on the Petri dish). Delayed reactions that involved the
tadpole swimming across three or more quadrants were also
placed in this category. A score of four denotes the tadpole
swam across three or more quadrants, without showing a
delayed reaction. Before data collection for the behavioral
assay, the observer practiced scoring behavioral responses
with tadpoles not used in the experiment.

Statistical Methods

For ICP-OES results, the mean and standard deviation were
calculated for samples from each copper concentration at the
initial and final time-points. Neuromast counts and intensity
data were analyzed using the general linear mixed models
procedure in SAS 9.4. Because camera exposure settings
were adjusted for each of the 16 blocks, these were treated as
a random variable. Neuromast counts were modeled with a
normal distribution and intensity values were analyzed with
an exponential distribution because of their greater vari-
ance and departures from normality. The “random residu-
als” statement and “group =effect” option also were used to
account for heterogeneity of variances. Tukey—Kramer pair-
wise comparisons were performed when the treatment effect
was significant. All tests were done at the ¢ =0.05 level.
The behavioral responses of control tadpoles and those
exposed to 400 pg/L of copper were compared over changes
in height. For each tadpole, the five behavioral response
scores at each height were averaged for the mean response
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Table 1 Copper concentrations Oh 96 h
(ug/L) from exposure solutions
of NF stage 54-55 Xenopus Nominal Cu Mean N SE Mean N SE
laevis tadpoles collected at the
beginning (0 h) and end (96 h) 400 410.5 4 8.9 375.8 4 45.0
of the trial 300 296.3 4 3.1 256.3 4 8.4
200 127.8 3 66.1 167.8 4 7.3
100 93.4 4 0.6 70.3 4 3.1
0 <25 4 0 <25 4 0
Behavior 351.3 3 219 295.2 3 93.7
400 ug/L
Behavior <25 2 0 <25 2 0
0 pg/L
For each copper concentration, water samples were randomly sampled from among different jars
Table 2 Nieuwkoop-Faber stage Treatment N Mean SE Min Max
of Xenopus laevis tadpoles after
96 h of copper exposure Neuromast 0 pg/L 14 55 0.1 55 56
100 pg/L 14 55 0.1 55 56
200 pg/L 14 56 0.2 55 57
300 pg/L 14 55 0.1 55 56
400 pg/L 14 55 0.2 55 57
Behavior 0 pg/L 10 58 0.2 57 59
400 ng/L 9 57 0.2 56 58

“Neuromast” refers to tadpoles in for which neuromasts were quantified; “behavior” refers to tadpoles used
in the behavioral assay. The stage of one of the 400 ug/L larvae in the behavioral assay was not recorded

of the tadpole at that height. The mean response scores for
each tadpole at each height were then pooled and analyzed
using the general linear mixed models procedure in SAS
9.4. A normal distribution was used, and individual tadpoles
were treated as random effects. Tukey—Kramer pairwise
comparisons were used when the mixed models indicated a
significant treatment effect upon behavior. To calculate the
mean response score of a tadpole, the mean reaction at each
of the seven heights for that tadpole was averaged together.
This also was analyzed in SAS 9.4 using the general linear
mixed models, normal distribution, and least square means
with the Tukey—Kramer adjustment.

Results

Measured copper concentrations of each treatment group,
with one exception, were within 12% of the nominal concen-
tration immediately after dosing (Table 1). One of the 200-
pg/L treatment samples had a copper concentration equiva-
lent to that of the controls (<25 pg/L); the other 200-pg/L
samples averaged 194 ug/L. Copper concentrations remained
within 30% overall of the nominal values after 96 h. Copper
concentrations in the control group were below the 25 ug/L
limit of quantitation.

@ Springer

Table 3 Mean (+ SE) counts of neuromasts for NF stage 54—55 Xeno-
pus laevis tadpoles at different body regions quantified following 96 h
of copper exposure

Concentration (ug/L)

0 100 200 300 400
Whole body 175+10 212411 203+19 198+11 212+18
(n=13) (=12) m=13) (n=149) (n=13)
Partial body 142+9 13648  126+11 132+8  123+11
(n=12) @=13) =14 (=14 ((n=13)
Head 3341 3242 2942 312 37+4
(n=13) (=14 ®=14) (@=14) ®=13)
Tail 58+4 5645  46+6  51+9  45+8
(n=13) (=14 ®=12) (@=14) (=11

At the end of the neuromast study, tadpole stage averaged
Nieuwkoop-Faber 55 across all treatments, slightly less than
those in the behavioral assay, which averaged stage 57-58
(Table 2). No mortality or adverse symptoms were observed
in any of the tadpoles.

Counts of neuromasts did not differ (p > 0.05) among cop-
per treatments for any of the body regions despite a trend of
dose related differences (Table 3). For example, neuromast
counts for the partial body (F, ;3=0.65, p=0.63) and tail
(F420=1.20, p=0.34) generally decreased with increasing
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copper concentration and were 87% and 78% as numer-
ous in the 400-pg/L group than the controls, respectively.
Conversely, neuromast counts for whole body increased
(F400=1.81, p=0.17) and neuromast counts for the head
(F423=1.06, p=0.40) remained relatively stable across
treatment groups.

Despite the lack of significant effect on the number of
neuromasts, fluorescent intensity of neuromasts decreased
with increasing copper concentration for all body regions
(Table 4). Intensity values for the whole body for tadpoles
exposed to 300 and 400 pg/L Cu were 20-30% less than
those in the control group (F, 4;,=4.75, p=0.003). Average
intensity for the partial body was 22-37% lower in the high-
est treatments than the control (F, 44=3.74, p=0.01). A sig-
nificant effect of copper concentration on neuromast inten-
sity also was observed for the head (F, 50=5.66, p <0.001),
in which the average intensity of the 400 pg/L group was
30% lower than the control. Last, the average intensity of tail
neuromasts was 40% lower for the 400 ug/L treatment than
the control group. Despite the overall treatment effect for
the tail (F, 46=3.00, p=0.03), Tukey—Kramer pairwise com-
parisons did not detect any differences in intensity between
concentrations (Table 4).

In the behavior assay, overall stimulus response did not
differ between tadpoles exposed to 400 ug/L copper or con-
trols (F; 13=2.15, p=0.16). Both groups scored >3 at 2 cm,
with decreasing responses over increasing heights (Fig. 2).
Results indicate a slight divergence in response at 12 cm
(Fig9= 5.71, p=0.04), but that effect is lost at 14 cm.

Discussion

Given previous studies on copper effects in lateral lines
of fish (Hernandez et al. 2006; Linbo et al. 2006; Johnson
et al. 2007), we expected to see dose dependent effects in
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Fig.2 Mean (+SE) response score of NF stage 56-59 larvae to an
air puff stimulus at seven different heights (n=10). Asterisk denotes
a significant difference in Tukey—Kramer groupings between the con-
trol and 400 pg/L Cu treatments at a particular height («=0.05)

neuromasts culminating in an effect on a simple behavior
response. However, neuromast loss in X. laevis tadpoles
exposed to copper was not evident for any of the four body
regions. The similarity of neuromast numbers among treat-
ment groups was likely not due to nonspecific labeling or
software error with enumerating neuromasts. Counts of
fluorescing objects were performed using the best threshold
for each image and the majority of the counted objects were
neuromasts. Whole body counts did contain some nonspe-
cific labeling, especially near the bottom of the head and
the limbs, rendering these counts less accurate than for the
other body regions. Regardless, our methodology resulted
in reliable counts overall. Although it is possible the lack of
observed neuromast loss in our study was a consequence of
an initial neuromast loss followed by neuromast regenera-
tion, this seems unlikely because neuromast loss or damage

Table 4 Mean (+ SE) neuromast
intensity for NF stage 54-55 X.

Intensity (RIU) x 10

laevis larvae at different body Concentration (ug/L) 0 100 200 300 400
regions quantified following
96 h of copper exposure Whole body 17.3+1.7 143+1.1 154+1.5 13.7+1.2 11.7+1.0
(n=13) (n=12) (n=13) (n=14) (n=13)
A ABC AB BC C
Partial body 18.0£1.7 147£1.0 15.0+1.5 140+1.3 114+13
(n=12) (n=13) (n=14) (n=14) (n=13)
A AB AB B B
Head 24.8+23 233+2.0 21.8+2.3 19.7+2.1 17.4+2.1
(n=13) n=14) (n=14) (n=14) (n=13)
A A AB AB B
Tail 14.0+19 11.8+0.7 11.8+14 8.7+1.4 82+1.1
(n=13) (n=14) (n=12) (n=14) (n=11)
A A A A A

Within each body region, means with the same letter are not significantly different according to Tukey—
Kramer groupings (@ =0.05). RIU are relative intensity units
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without regeneration has been observed in both zebrafish
(Stengel et al. 2017) and Great Plains toad larvae (Vazquez
2016) exposed to copper for respective 96- and 168-h time
periods. Additionally, neuromast damage in zebrafish larvae
has occurred after a 30-min exposure to copper (Stengel
et al. 2017), so it is unlikely that the exposure period used in
our study was not long enough for neuromast loss to occur.

Although we observed no decrease in the number of
counted neuromasts, some portion of the individual hair
cells within a neuromast could be destroyed despite the
continued viability of the remaining hair cells (Hernandez
et al. 2006; Buck et al. 2012). In addition, hair cell integrity
could be partially compromised without complete destruc-
tion of the cell (Stengel et al. 2017). Indeed, neuromasts
contain multiple hair cells. For example, a neuromast in a
juvenile zebrafish has 20-30 hair cells (Olt et al. 2014), and
larval X. laevis neuromasts contain 8—28 hair cells (Lan-
noo 1987). Thus, if some hair cells within a neuromast are
lost or disabled from copper exposure, that neuromast could
still be counted if remaining hair cells are viable and can
take up some stain. If this partial loss of individual cells is
occurring, we would expect a corresponding effect on fluo-
rescent intensity across dose groups. Indeed, despite the lack
of effects on neuromast counts, the intensity results support
the prediction that neuromasts were affected by copper. Neu-
romast intensity decreased with increasing copper concen-
tration for the four body regions. As mentioned, these lower
intensity values indicate reduced uptake of DiAsp by some
or all hair cells, perhaps via closed mechanotransduction
channels (Faucherre et al. 2009) or simply a reduction in the
number of hair cells capable of incorporating any amount
of dye.

Other studies have observed similar decreases in the
intensity of fluorescent staining in neuromasts after expo-
sure to substances known to damage hair cells. For exam-
ple, intensity of staining within zebrafish neuromasts labeled
with the dye DASPEI decreased after exposure to copper
(Linbo et al. 2006) and a variety of different ototoxic com-
pounds, including copper sulfate (Buck et al. 2012). Like-
wise, the intensity of FM-143 dye used to label the hair cells
of neuromasts in X. laevis larvae decreased with increasing
concentrations of antibiotics (Nishikawa and Sasaki 1996).
Additionally, scoring fluorescent intensity of hair cells on
numeric scales has been used to evaluate damage to neuro-
masts (Harris et al. 2003; Stengel et al. 2017).

Although beyond the scope of this study, individual neu-
romast organs could be photographed in addition to imaging
the entire tadpole to help to verify whether the intensity
reduction observed in this study was due to decreased hair
cell viability. For example, confocal microscopy has been
used to photograph hair cells (Hernandez et al. 2006). By
using similar techniques to examine individual neuromasts,
we can better understand how copper impacts hair cells,
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particularly whether the observed copper concentrations
physically damage or destroy the cells. While this study used
a single dye (DiAsp) to label functional hair cells, acridine
orange stain, which labels dying cells, could additionally
be used to verify whether increasing copper concentrations
increases hair cell death (Hernandez et al. 2006).

We also predicted that a loss of neuromasts would
result in an altered behavioral response to a mechanosen-
sory stimulus. This prediction is viable given the copper
related effects on fluorescent intensity. However, differential
responses to air puff stimuli were not observed for tadpoles
exposed to 0 and 400 pg/L Cu, despite the 30—40% reduction
in neuromast intensity across the four body regions in the
copper exposed group. This suggests that despite hair cell
damage, other hair cells remain fully or partially functional
and any damage was insufficient to render cells unrespon-
sive or the animal incapable of responding to the stimulus.
The goal of using surface waves as a stimulus was rooted
in its simplicity and ability to be used in any lab. However,
response to surface waves may not be a particularly sensi-
tive endpoint even with significant damage to the lateral line
system. For example, despite the destruction of all neuro-
masts, adult clawed frogs still orient to surface waves, but
less accurately (Gorner et al. 1984). Similarly, after expo-
sure to various ototoxins resulted in complete loss of labeled
neuromasts, a startle response was still observed in zebrafish
larvae (Buck et al. 2012). The presence of a response despite
inactivation of the lateral line suggests that other sensory
systems, such as the vestibular system or touch, may help
the animals respond to surface waves (Claas et al. 1993).
Because adult frogs and larval zebrafish can still detect and
respond to stimuli despite extensive damage to the lateral
line system, it seems probable that tadpoles would exhibit
normal responses to stimuli after the lesser degree of dam-
age observed in this study. Despite the lack of sensitivity
to surface waves, a decrease in viable hair cells could still
negatively impact other lateral-line mediated behaviors. For
instance, treatment of X. laevis tadpoles with cobalt chloride
and streptomycin resulted in less precise rheotaxis (Sim-
mons et al. 2003) and for streptomycin only, altered school-
ing behavior (Lum et al. 1982).

In previous studies, neuromasts of the head and tail of
larval zebrafish show differential sensitivity (Stengel et al.
2017) and regeneration (Hernandez et al. 2006). Most rel-
evant to our study, a greater sensitivity of head neuromasts
compared with tail neuromasts was observed in a similar
96-h exposure of zebrafish to copper sulfate (Stengel et al.
2017). Depending upon copper concentration tested, ante-
rior neuromasts were approximately 10-50% more sensi-
tive than posterior neuromasts, but this difference was never
significant (Stengel et al. 2017). However, the results of this
study suggest that the tail neuromasts may be more sensi-
tive to copper than head neuromasts in X. laevis larvae. Tail
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neuromast intensity decreased by 40% in tadpoles exposed to
400 pg/L compared with the controls versus a 30% decrease
in head neuromast intensity between the 400 ug/L group
and the controls. Due to the greater role of head neuromasts
compared with tail neuromasts in prey localization and spa-
tial resolution (Mohr and Gorner 1996), which are important
for the survival of predatory post-metamorphic frogs, there
is a possibility that the anterior lateral line (i.e., head) may
have evolved greater resistance to environmental stressors
than the posterior lateral line. Perhaps X. laevis also may
have a greater regenerative ability in anterior neuromasts
than in posterior neuromasts, similar to that observed in
zebrafish (Hernandez et al. 2006), to further protect their
ability to detect and capture prey.

Neuromasts were quantified by using a novel automated
imaging method. As far as the authors are aware, such auto-
mated software has not been used before to count the num-
ber of neuromasts across large portions of animals’ bodies.
Other studies looking at neuromast loss typically involve
manually counting the organs or examining a few predefined
neuromasts (Hernandez et al. 2006; Johnson et al. 2007;
Linbo et al. 2009; Vazquez 2016). Automatic quantification
methods similar to those in this study could be used in future
research to estimate large numbers of neuromasts without
the possible bias or human error associated with manual
neuromast counts.

Overall, gross counts of neuromasts of stage 54-55 X.
laevis larvae were not particularly sensitive exposure to cop-
per up to 400 ug/L. However, neuromast intensity was sensi-
tive to increasing copper concentration, suggesting damage
to the neuromast organs. The lack of behavioral response
suggests some redundancy in the means by which the larvae
can perceive their environment (Claas et al. 1993). Imag-
ing individual neuromasts in X. laevis could verify this link
between intensity and the loss of hair cells. Although envi-
ronmentally relevant copper concentrations do not appear
particularly harmful to the lateral line system of X. laevis,
this may not be true for all amphibians. For example, two
North American anuran species that lose their lateral line
system upon metamorphosis were more sensitive than X.
laevis in terms of neuromast counts, because neuromast
loss occurred at environmentally relevant concentrations of
50 pg/L copper or less (Vazquez 2016). Presumably, these
species also would be more sensitive than X. laevis regarding
neuromast intensity, so we can predict that intensity would
be decreased at copper concentrations less than 50 pg/L.
Future studies could examine how other metals and amino-
glycosides affect X. laevis neuromasts to investigate whether
the lateral line of X. laevis is specifically resistant to copper
or to toxicants in general. Perhaps the lack of sensitivity
of neuromasts exposed to copper is simply due to the spe-
cies being relatively resistant to copper in general (Fingal
and Kaplan 1963; Fort and Stover 1996) and not due to any

specific property of the lateral line system. Alternatively, it
is possible that as an aquatic species that retains the lateral
life throughout its life, Xenopus laevis has evolved a more
robust lateral line system that is better adapted to tolerate
environmental stressors compared with species that only
possess the lateral line during a short larval stage.
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