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In order to understand sublethal mechanisms of lead (Pb) and zinc (Zn) toxicity, developing sea urchins
were exposed continuously from 3 h post-fertilization (eggs) to 96 h (pluteus larvae) to 55 (+2.4) wg Pb/L
or 117 (+11) pwg Zn/L, representing ~70% of the EC50 for normal 72 h development. Growth, unidirectional
Ca uptake rates, whole body ion concentrations (Na, K, Ca, Mg), Ca?* ATPase activity, and metal bioaccu-
mulation were monitored every 12 h over this period. Pb exhibited marked bioaccumulation whereas Zn

Keywords: was well-regulated, and both metals had little effect on growth, measured as larval dry weight, or on Na,
Echinoderm : g . 45 - .

Lead K, or Mg concentrations. Unidirectional Ca uptake rates (measured by #>Ca incorporation) were severely
Zinc inhibited by both metals, resulting in lower levels of whole body Ca accumulation. The greatest disruption
Embryonic development occurred at gastrulation. Ca?* ATPase activity was also significantly inhibited by Zn but not by Pb. Interest-
Toxicity ingly, embryos exposed to Pb showed some capacity for recovery, as Ca?* ATPase activities increased, Ca
Spicule uptake rates returned to normal intermittently, and whole body Ca levels were restored to control values
Calcification by 72-96 h of development. This did not occur with Zn exposure. Both Pb and Zn rendered their toxic

effects through disruption of Ca homeostasis, though likely through different proximate mechanisms.
We recommend studying the toxicity of these contaminants periodically throughout development as
an effective way to detect sublethal effects, which may not be displayed at the traditional toxicity test

endpoint of 72 h.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Metals enter marine ecosystems through various anthropogenic
and natural modes. At high concentrations, metals, including Pb and
Zn, are known to be extremely toxic to aquatic organisms, reducing
their general survival as well as hampering embryonic develop-
ment. While extensive research exists on the effects of Pb and Zn in
freshwater environments (e.g. European Union, 2007, 2009; Wang,
1987; Naimo, 1995), there is only limited research on the effects of
these metals in marine and estuarine environments (e.g. Supanopas
et al., 2005; Franca et al., 2005; Bielmyer et al., 2012), and most of
our understanding of mechanisms of toxicity comes from research
on fish.

Pb is classified as a priority contaminant in European Union
regulations on water policy (European Commission, 2012). As a
xenobiotic, Pb has no known role in the biological processes of
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organisms and prolonged exposure results in purely toxic effects.
In general, Pb toxicity is thought to occur by replacing divalent ions
such as Zn and Fe and by calcium mimicry (Ballatori, 2002); not sur-
prisingly, Pb is found in the calcified skeleton of fish (reviewed by
Mager, 2012).In contrast, Zn is an essential ion as well as a toxicant,
and therefore has considerable importance in the aquatic environ-
ment. Zinc is a vital component of over 300 enzymes and other
proteins (Vallee and Falchuck, 1993). However at high concentra-
tions, Zn has detrimental effects on the development and survival
of many aquatic organisms (Eisler, 1993). Similar to Pb, Zn can also
mimic Ca (Ballatori, 2002). Zn disrupts Ca homeostasis in freshwa-
ter fish through the induction of hypocalcaemia and also causes a
disturbance of acid-base balance, but in contrast to Pb, Zn exhibits
minimal tendency for bioaccumulation (reviewed by Hogstrand,
2012).

Sea urchin embryo bioassays have been historically utilized as a
means of monitoring marine water quality, because this life stage is
extremely sensitive to a variety of contaminants (Kobayashi, 1971).
A number of previous studies have assayed the toxicity of Pb and
Zn to sea urchin embryos (e.g. Warnau and Pagano, 1994; Phillips
et al., 2003; Nacci et al., 2000; Radenac et al., 2001; Novelli et al.,
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2003; Kobayashi and Okamura, 2004; Sanchez-Marin et al., 2010;
Nadella et al., 2013), but this research has been directed at quan-
tifying toxicity, rather than understanding mechanisms of toxicity.
Understanding mechanisms behind sublethal effects is important,
because it may shed light on more sensitive endpoints, which can
be detected earlier and at lower concentrations than traditional
endpoints such as mortality and inhibited growth. Indeed, more
research is needed in order to reduce the uncertainty surrounding
marine water quality guidelines for these two metals. This is of par-
ticular importance in Canada where national authorities have yet
to establish marine water quality criteria for Pb and Zn (with the
exception of Pb in British Columbia) and in the U.S.A, where current
chronic criteria for Zn and Pb in sea water were derived from data
available in the 1980s (Hogstrand, 2012; Mager, 2012).

The objective of the current research was to elucidate the mech-
anisms of Pb and Zn toxicity over the first 96 h of development
of the purple sea urchin (Strongylocentrotus purpuratus). Recently,
we have characterized the changes in ionic status occurring over
this period during normal development (Tellis et al., 2013). This
publication provides the control data set for the current study.
Particularly remarkable were 15-fold increases in whole body Ca
concentration, accompanied by up to 7-fold variations in unidi-
rectional Ca uptake from the external sea water (measured by
45Ca incorporation) and 2-fold variations in Ca2* ATPase activity,
a key enzyme of Ca metabolism. These are very likely involved in
the rapid development and calcification of the internal skeleton
or spicule at this time, which is essential for normal development
(Wilt, 1999, 2002). Therefore, our research focused specifically on
Ca homeostasis, especially as this has been shown to be a major
target of both Pb and Zn toxicity in fish studies, as discussed earlier.

Our working hypothesis was that both Pb and Zn, at continu-
ous exposure concentrations below those causing acute mortality,
would have marked deleterious effects on various aspects of Ca
metabolism. To test this hypothesis, a variety of endpoints of Ca
homeostasis were analyzed at 12-h intervals including unidirecti-
onal Ca uptake rate (measured by #>Ca incorporation), whole body
Ca (as well as Na, K, and Mg) concentrations, metal accumula-
tion, Ca2* ATPase activity, and dry weight growth. The nominal
exposure concentrations, 52 pg/L (Pb) and 106 pg/L (Zn), were
chosen to represent 70% of the EC50s for normal development
through 72 h (PbEC50=74 jug/LZn EC50=151 pg/L), as determined
in a companion study (Nadella et al,, 2013). These concentra-
tions were environmentally realistic for polluted sites with Zn
being found at levels of 75-882 pg/L and Pb being found at lev-
els of 6-2000 wg/L in mining disturbed areas (Eisler, 1993; Mager,
2012). By way of reference, recent surveys (Hogstrand, 2012;
Mager, 2012) of the very few jurisdictions that have chronic ambi-
ent marine water quality guidelines for these metals reported a
range of regulatory guidelines (allowable upper limits) for Pb from
4.4 ng/L (Australia/New Zealand) to 8.1 pg/L (U.S.A.), and for Zn
from 15 pg/L (Australia/New Zealand) to 86 pg/L (U.S.A.).

2. Materials and methods
2.1. Experimental organisms

Methods followed those described by Tellis et al. (2013). In
brief, reproductively ripe adult sea urchins (S. purpuratus) were
obtained in June by divers from the natural benthic populations
of Barkley Sound, B.C., Canada (48°50'30”N, 125°08'00"W). At
Bamfield Marine Sciences Centre, they were held with minimal
handling in aerated tanks supplied with flowing sea water (32 ppt)
at 15°C. After spawning, they were returned to the wild. Spawning
was induced by an injection of 1 mL of a 0.5M KCl solution into
the haemocoel as described by Hinegardner (1975). Eggs were

collected into filtered (0.2 wm Steritop™ filter - Millipore, Biller-
ica, MA, USA) seawater (32 ppt). The eggs from different females
were then pooled, and filtered through a mesh to remove debris
from the egg solution. Sperm from spawning males was diluted in
50 mL of filtered (0.2 wm) seawater, then 1 mL of this diluted sperm
was added to the pooled sea urchin eggs to initiate fertilization,
which was normally achieved in under 0.5h. Once fertilization
of 80% of the eggs was verified, the stock was diluted to a final
concentration of 60,000eggs/L for each replicate exposure in
800 mL plastic Nalgene™ beakers. Full strength sea water (32
ppt) was used in all exposures. The embryos were then allowed to
develop in an incubator at 15 °C with 16 h light:8 h dark light cycle
for the desired time of each test.

Three experimental series were performed as outlined below.
The same fertilization batch was used for series 1 and 2 and a second
fertilization batch was used for series 3. Series 1 and 2 were run
simultaneously and series 3 was run two weeks later.

In series 1 and 3 every 12 h over the first 96 h of development,
5-6 replicates were harvested (800 mL each, entire volume sam-
pled) for the various endpoints. In series 2 at each time point 5-6
replicate tubs were sampled in each treatment. The tub was stirred
gently and a small volume of test water containing embryos was
removed. Therefore the volume of the exposure would decrease
but the density of the embryos in the exposure would remain the
same. Metal exposures and accompanying control treatments were
set up to ensure that 5-6 replicates of each treatment (control,
Pb and Zn) could be sampled every 12h over 96 h of develop-
ment.

2.2. Metal exposure solutions

Pb and Zn metal stock solutions were made by diluting their
respective inorganic salts (Pb(NOs3), and ZnSO4) (Sigma-Aldrich;
St. Louis, MO, USA - trace metal grade) in deionized water.
These stock solutions were stored in Nalgene™ bottles (Nalgene™
Rochester, NY, USA) under refrigeration. Metal exposure solutions
were made by adding the required volumes of metal stock solu-
tions to filtered (0.2 wm) seawater (32 ppt) to obtain the desired
metal concentrations. Exposure solutions were prepared 24 h in
advance of the tests to allow time for equilibration of the metal
salts with seawater in the test containers. Analytical samples were
taken immediately before addition of the organisms.

2.3. Series 1. Whole body metal accumulation, ion content and
embryonic weights over development

Developing embryos were continuously exposed to either
control conditions or 52 pg/L (Pb) or 106 wg/L (Zn) (nominal con-
centrations) for 96 h. Every 12h, 5 replicates of each exposure
treatment were sampled by filtration through pre-weighed fil-
ters (Whatman Nucleopore Track-Etch Membrane PC MB 47 MM
8.0 um), via a vacuum pump. The density of embryos in the orig-
inal suspension was counted under a light microscope using a
Sedgewick-Rafter slide. The collected embryos on the filter were
rinsed with nanopure water and the filter was then placed in
an open Eppendorf™ tube and left to dry at room temperature.
To determine embryonic weights, the dried filter with collected
embryos on it was weighed. This weight minus the filter weight
divided by the number of embryos collected was determined to be
the mean dry weight of the developing embryo.

The dried filter paper and embryos were then digested in full
strength HNO3 at 65 °C for 48 h (samples were vortexed at 24 h to
aid in the digestion process). Analysis of filter paper blanks revealed
negligible concentrations of Na, K, Ca, Mg, and metals in the filters.
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2.4. Series 2. Whole body unidirectional Ca uptake rates during
96 h exposures

Unidirectional uptake rates of Ca from the water, as determined
by 4°Ca incorporation, were measured in embryos at 12-h intervals
over the first 96 h of development, using the same exposure treat-
ments as in Series 1. Every 12 h, each of the 6 replicates was gently
stirred to ensure homogeneity of embryos in suspension and a small
volume was removed for flux rate determination. The extracted
volume was decreased to a few milliliters by using a Steritop™
filter (0.2 wm - Millipore, Billerica, MA, USA) to filter out some
of the sea water by gravity. The resulting concentrated embryo
solution was re-suspended with new sea water and reduced in
volume again. This was repeated 3 times to wash the embryos.
The embryos were finally resuspended in fresh sea water con-
taining the appropriate metal level to achieve a nominal target
density of 2500 embryos/mL for the 4°>Ca uptake rate measure-
ments.

Unidirectional Ca influx rates were measured by incubating
0.5 mL of the sea urchin embryo suspension with 0.5 mL of radioac-
tive 4°Ca (0.17 wCi/mL as CaCly, PerkinElmer, Woodbridge, ON,
Canada) in sea water in 2-mL Eppendorf™ tubes for 20 min. The
radioactive 45Ca solution also contained the appropriate concen-
tration of metal. The flux period was based on preliminary time
series experiments in which 20 min was determined to be opti-
mal for 4°Ca uptake analysis, representing the longest period of
linear uptake before significant radioisotopic backflux occurred.
At the end of the 20-min flux period, the embryos were removed
from the Eppendorf™ tube via a 1-mL syringe. The syringe con-
tents were then ejected through a 0.45-pm syringe tip filter
(Nalgene™ Rochester, NY, USA), leaving the embryos on the filter.
Then 10 mL of clean sea water was immediately passed through
the filter to wash the embryos. The filter was then reversed and
3 x1mL (i.e. each milliliter separately) of clean sea water was
passed through the filter and collected in a scintillation vial to
recover the embryos. Scintillation fluid (5 mL; Aqueous Counting
Scintillant, Amersham, Little Chalfont, UK) was added to each vial
and the %Ca radioactivity in the sample was measured by scin-
tillation counting (Tm Analytic, Beckman Instruments, Fullerton,
CA, USA). Tests showed that quench was constant. A dummy run
(without #>Ca) was performed at each time point and the embryos
recovered from the filter were counted under the microscope
to determine embryo concentrations used in the flux measure-
ments.

Unidirectional Ca uptake rates per larva were calculated from
the counts per minute of each replicate (CPM), mean mea-
sured specific activity (SA) of the incubation solution, number of
embryos in each replicate and exact time (t), and expressed as
pmol Ca/embryo/h:

Cauptake = —CPM ! !
P —(SA)X(W>X(?)

Specific activity was calculated by dividing the measured
Ca concentration (pmol/mL) in the incubation solution by 4°Ca
radioactivity (CPM/mL).

2.5. Series 3. Ca?* ATPase enzyme activities during 72 h exposures

At each 12-h time point until 72 h, 5 replicates of each expo-
sure (control, Pb and Zn) were sampled. Samples were not collected
for the 84 h and 96 h time points due to insufficient time on the
research trip. The volume of each replicate was reduced to 20 mL
by filtering the solutions by gravity through a 0.45 um Nalgene™
filter. The concentrated embryos were resuspended in clean sea
water and concentrated again. This was performed 3 times to
wash the embryos. The washed, concentrated embryos were then

centrifuged at 12,000 x g for 5 min, the supernatant was decanted
and the resulting pellet was transferred to an Eppendorf™ tube.
Sampled embryos were immediately frozen and kept at —80°C to
preserve them for Ca2* ATPase analysis, which was performed a
few months after the research trip.

2.6. Analytical techniques

Cation levels (Ca2*, Mg2*, Na*, K*) as well as Zn in whole body
digests and total Ca2* levels in sea water were measured using
flame atomic absorption spectroscopy (220FS; Varian Instruments,
Palo Alto, CA, USA) against commercial standards (Fisher Scientific,
Toronto, ON, Canada). Pb in digests was measured using graphite
furnace atomic absorption spectroscopy (220, Varian Instruments,
Palo Alto, CA, USA). Water samples were acidified to 1% with HNO5.
Metal concentrations in seawater exposure solutions were deter-
mined using a protocol developed by Toyota et al. (1982). This
method entails precipitating the metal from solution using lan-
thanum oxide and Na,COj3 in order for it to be analyzed without
interference from the many electrolytes in saltwater. Full details
are provided by Nadella et al. (2013). Reference standards used for
Zn and Pb were TM24 and TM25 (Environment Canada certified
reference material, recovery 90-95%).

Ca?*ATPase activity was measured in embryos that had
been immediately frozen and kept at —80°C to preserve them
for CaZ*ATPase analysis a few months after the research trip.
Ca2*ATPase activity was determined in the supernatant fraction of
homogenized embryos using a method which measured the lib-
eration of inorganic phosphate by the ATPase enzyme (Vijayavel
et al., 2007). Embryos were homogenized using a buffer containing
Tris-HCI at 100 mM, 2 mM EDTA and 5 mM of MgCl, adjusted to a
pH of 7.75. Homogenized samples were centrifuged at 10,000 x g
for 20min at 4°C. Ca2*ATPase activity was determined as the
amount of inorganic phosphate per milligram of protein per hour
released in the presence/absence of 0.5 mM CaCl, in a medium con-
taining 80 mM NaCl, 5 mM MgCl,, 3 mM ATP, 20 mM Tris-HCl (pH
7.4) and 1 mM ouabain. Activities were normalized to the protein
content of the homogenate, as determined using BSA standards
(Sigma-Aldrich) and Bradford’s reagent (Sigma-Aldrich; Bradford,
1976).

2.7. Statistical analyses

Statistical analysis was performed using the software SigmaPlot
10.1. Two-Way ANOVAs (time, metal) were used to detect variation
among multiple treatment groups and where the F value indicated
significance, Fisher’s LSD post hoc tests were used to identify spe-
cific significant differences over time within individual treatment
groups. Prior to the test, all data were checked for homogeneity
of variances and normality of distribution, and where necessary
were transformed using natural logarithm or square root functions.
Student’s t-tests (two-tailed) were used to determine differences
between control and metal-exposed embryos at the same times.
All data are presented as mean + SEM (N, number of replicates) on
non-transformed data. Differences were considered significant at
P<0.05.

3. Results
3.1. Exposure concentrations and seawater Ca levels
Nominal target concentrations for the exposures of Series 1, 2,

and 3 were set to 70% of the EC50 values reported in parallel studies
by Nadella et al. (2013). Actual measured values during the tests
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Fig. 1. Whole body ion concentrations measured every 12h in embryos exposed to Pb (55 jg/L) over 96 h of development (a) calcium, (b) potassium, (c¢) sodium, (d)
magnesium. Control data from Tellis et al. (2013). An asterisk (*) indicates a significant difference from control levels at the same time point as determined with a Student’s
t-test (P<0.05). Values with different letters are significantly different as determined by a Fisher LSD post hoc test. Letters of different cases indicate comparisons within
treatments over time; upper case letters represent comparison within controls and lower case letters represent comparison within the Pb treatment. Values are mean + SEM

(N=5).

were 55+ 2.4 pg/L (Pb) and 117 £ 11 pg/L (Zn). The levels of Ca in
the seawater used were 7.87-8.98 mM.

3.2. Series 1. Whole body ion concentrations

Whole body Ca concentrations demonstrated a significant inter-
action between Pb and time by two-way ANOVA. In controls, Ca
levels increased progressively over 96 h. Embryos continuously
exposed to Pb suffered lower levels of Ca accumulation during the
initial stages of development, significant at 24,36 and 60 h of devel-
opment. However Ca levels in Pb exposed embryos returned to
control amounts by 72 h onwards (Fig. 1a).

There was also a significant interaction of time and Pb exposure
for Na, but not for K and Mg; the influence of time was significant

for the latter. K and Na concentrations tended to decrease until
48 h, then increase thereafter, but continuous Pb exposure did not
affect K and Na levels over 96 h of development (Fig. 1b and c). Mg
concentrations tended to increase with time, but exposure to Pb
had no effect on Mg over most of the 96 h of development, apart
from an increase at 12 h (Fig. 1d).

In organisms exposed to Zn during development to the pluteus
stage, two-way ANOVA indicated significant interactions of time
and Zn exposure for all ions measured. Whole body Ca levels were
markedly lower than controls at every time point after 24 h, with
the exception of the 84 h time point (Fig. 2a). The reductions ranged
from 55 to 70%. K and Na levels were generally not affected by
continuous Zn exposure apart from at 24 h where they were sig-
nificantly lower for K with respect to controls (Fig. 2b and c). Mg
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Fig. 2. Whole body ion concentrations measured every 12h in embryos exposed to Zn (117 pg/L) over 96 h of development (a) calcium, (b) potassium, (c) sodium, (d)
magnesium. Control data from Tellis et al. (2013). An asterisk (*) indicates a significant difference from control levels at the same time point as determined with a Student’s
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(N=5).

concentrations in Zn exposed embryos were significantly higher
than controls at 12 h, 36 h, and 84 h (Fig. 2d).

3.3. Series 1. Whole body metal accumulation

Embryos continuously exposed to Pb showed significant Pb
accumulation at every time point after 12 h through 96 h of devel-
opment, with a peak at 84 h (Fig. 3). Two-way ANOVA indicated a
significant interaction of time and Pb exposure. In contrast, whole
body Zn levels were well regulated with a tendency to decline by
96 h. Indeed, by the end of the exposure period, there was no signif-
icant Zn accumulation in Zn-exposed embryos relative to controls.
However, Zn exposed embryos exhibited significantly higher Zn

contents than controls at the 36 h and 72 h time points (Fig. 4). Two-
way ANOVA indicated no significant main effects or interaction
effects.

3.4. Series 1. Embryonic weights

Two-way ANOVA revealed no significant effects of time or metal
exposure, though there was an interaction effect with Pb. Never-
theless, mean dry weight had increased significantly in all three
treatment groups by 96 h. Both Pb and Zn exposed embryos were
significantly heavier than controls at 60 h, but there were no other
treatment-related effects (Table 1).
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Embryonic dry weights measured every 12 h over the first 96 h of embryonic development in embryos exposed to Zn (117 pg/L - measured) or Pb (55 pg/L - measured).
Control data from Tellis et al. (2013). An asterisk (*) indicates a significant difference from control levels at the same time point as determined with a Student’s t-test (P<0.05).
Values with different letters are significantly different as determined by a Fisher LSD post hoc test. Letters of different cases indicate comparisons within treatments over

time; upper case letters represent comparison within controls and lower case letters represent comparison within Pb or Zn treatments. Values are mean & SEM (N=5).

Time (h) Control (pg) SEM Pb exposed (j.g) SEM Zn exposed (ug) SEM

12 0.136% 0.017 0.1672 0.010 0.150% 0.010
24 0.177/8 0.018 0.1752 0.016 0.161* 0.014
36 0.18448¢ 0.019 0.1772 0.017 0.136% 0.028
48 0.15148 0.048 0.1652 0.022 0.137% 0.019
60 0.186ABC 0.006 0.281¢" 0.017 0.256%" 0.025
72 0.2095¢ 0.021 0.220% 0.020 0.187*% 0.019
84 0.247¢ 0.009 0.257P¢ 0.032 0.220% 0.019
96 0.356° 0.050 0.257¢ 0.016 0.3387 0.028

3.5. Series 2. Whole body unidirectional Ca uptake rates

Aparallel series focusing specifically on unidirectional Ca uptake
rates was performed because of the marked effects on Ca regula-
tion in Series 1. Two-way ANOVA indicated significant interaction
of time and Pb exposure. Ca uptake rates varied greatly over time
in controls, with peaks at the blastula stage (24 h), gastrulation
(48h), and late pluteus larva stage (96h). In embryos continu-
ously exposed to Pb, inhibition of Ca uptake was recorded at these
time points when Ca uptake was highest in control embryos, i.e. at
the blastula stage through gastrulation (24 h, 36 h, and 48 h), and
during the pluteus larval stage (84 h and 96 h) (Fig. 5). Two-way
ANOVA indicated significant interaction of time and Zn exposure.
Similar to Pb, continuous exposure to Zn resulted in inhibition
of Ca uptake during the blastula stage (24 h) as well as at gas-
trulation (48h). Significant inhibition of Ca uptake by Zn was
also observed during the early pluteus larval stage (72 and 84 h)

(Fig. 6).
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Fig. 3. Whole body Pb accumulation (mg/kg dw) measured every 12 h over 96 h of
development in embryos exposed to Pb (55 pg/L). An asterisk (*) indicates a signif-
icant difference from control levels at the same time point as determined with a
Student’s t-test (P<0.05). Values with different letters are significantly different as
determined by a Fisher LSD post hoc test. Letters of different cases indicate compar-
isons within treatments over time; upper case letters represent comparison within
controls and lower case letters represent comparison within the Pb treatment. Val-
ues are mean 4+ SEM (N=5).

3.6. Series 3. Whole body Ca?* ATPase activities

As Series 2 and 3 highlighted effects on Ca regulation, we fol-
lowed up with an examination of a key enzyme of Ca metabolism,
Ca?* ATPase. Two-way ANOVA indicated significant interactions
of time and metal exposures. In controls, Ca2* ATPase activity
increased until gastrulation at 48 h, then declined thereafter. Pb
exposure caused significant increases in whole body Ca?* ATPase
activity at 12 h, as well as during the gastrulation stage at 48 h and
at 60h (Fig. 7). In Zn exposed embryos whole body CaZ* ATPase
activity was significantly lower at 24, 36 and 48 h of development,
but was higher at 72 h during the pluteus larval stage (Fig. 8).

4. Discussion

Classic toxicity testing by Nadella et al. (2013) showed S. purpu-
ratus embryos to be highly sensitive to both Zn and Pb. In general,
EC50’s for Zn were very similar to previous values reported for
developing sea urchin embryos, whereas those for Pb were towards
the lower end of a disparate range in the literature surveyed by
Nadellaetal.(2013). For both metals, the levels tested in the present
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treatment. Values are mean + SEM (N=6).

investigation (~70% of EC50 values) were environmentally rele-
vant, and reasonably close to levels of regulatory significance (see
Introduction). In support of our original hypothesis, the current
study demonstrated that both Pb and Zn toxicities are associ-
ated with disruption of Ca homeostasis, as evidenced by analysis
of various biomarkers periodically over development. Notably,
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Fig. 7. Ca** ATPase activity measured every 12h over 72h of development in
embryos exposed to Pb (55 wg/L). Control data from Tellis et al. (2013). An aster-
isk (*) indicates a significant difference from control levels at the same time point
as determined with a Student’s t-test (P<0.05). Values with different letters are
significantly different as determined by a Fisher LSD post hoc test. Letters of dif-
ferent cases indicate comparisons within treatments over time; upper case letters
represent comparison within controls and lower case letters represent comparison
within the Pb treatment. Values are mean +SEM (N=5).

these disturbances caused only small effects on dry weight growth
(Table 1), because during this early development, the embryos
are mainly re-organizing their structure rather than increasing
in mass. Had morphometric criteria been used to define growth,
inhibitory effects would likely have been seen (e.g. Warnau and
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Fig. 8. Ca?* ATPase activity measured every 12h over 72h of development in
embryos exposed to Zn (117 pg/L). Control data from Tellis et al. (2013). An asterisk
(*) indicates a significant difference from control levels at the same time point as
determined with a Student’s t-test (P<0.05). Values with different letters are sig-
nificantly different as determined by a Fisher LSD post hoc test. Letters of different
cases indicate comparisons within treatments over time; upper case letters repre-
sent comparison within controls and lower case letters represent comparison within
the Zn treatment. Values are mean + SEM (N=5).
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Pagano, 1994). The stages of development were confirmed in the
controls visually by observation through a microscope. In general,
the metal exposures did not result in a similar but delayed pat-
tern of ionoregulatory changes relative to the controls, as would
be expected if the effect was simply a retardation of development,
but rather significant inhibitions of Ca metabolism at specific times
over development.

4.1. Whole body ion content measured periodically over 96 h of
development

In Series 1, Ca, and to a lesser extent Mg, were the only ions that
displayed marked differences in embryos continuously exposed to
Pb and Zn over development. Both ions are integral constituents of
the spicule (internal skeleton) which is forming during this period
(Wilt, 2002; Raz et al., 2003); MgCO3 makes up about 5% of the
mineral phase, the remainder being CaCO3 (Decker and Lennarz,
1988).

In both metal exposures, embryo Mg levels were higher than
controls during the initial stages of development (Figs. 1d and
2d). Pb exposed embryos exhibited increased levels of Mg at 12h
of development and Zn exposed embryos displayed higher levels
of Mg at 12h, 36h, and 84h. The early elevations could repre-
sent a compensatory mechanism employed by the embryos to
counter metal-induced disruption of Ca incorporation. Notably by
72 h onwards, whole body Ca concentration had recovered in Pb-
exposed embryos (Fig. 1a), but not in Zn-exposed embryos (Fig. 2a).

Ca was the only ion out of the four ions measured that increased
steadily in a consistent fashion, reaching a plateau by 72-96 h (Figs.
1a and 2a). The approximate 15-fold increase over this period
undoubtedly reflects the deposition of CaCO3 into the develop-
ing spicule (Orstréom and Orstrom, 1942; Yasumasu, 1959; Beniash
etal., 1997; Decker and Lennarz, 1988; Wilt, 1999, 2002; Raz et al.,
2003). Under control conditions the spicules contain approximately
70% of the whole body Ca content in developing embryos of another
sea urchin, Paracentrotus lividus (Pinsino et al., 2011). Both Pb and
Zn exposure clearly impeded this process (Figs. 1a and 2a), and with
Zn, the continuing inhibition amounted to 55-70% of the whole
body Ca content, comparable to the amount thought to be in the
spicules. Overall, these results point to inhibition of Ca accumu-
lation as a key mechanism of toxicity, though not necessarily by
the same precise mode for each metal. Notably, whole body Ca
levels recovered later in the Pb exposure (Fig. 1a) but not in the
Zn exposure (Fig. 2a), and the continuing Zn effect occurred in the
absence of marked metal bioaccumulation relative to control orga-
nisms (Fig. 4), in contrast to the Pb effect which was accompanied
by dramatic metal bioaccumulation (Fig. 3).

These results suggest that both Pb and Zn inhibit the Ca uptake
process, which at least in the first few hours post-fertilization is
thought to occur via voltage-gated Ca%*-channels (De Aratijo Leite
and Marques-Santos, 2011). However, in our earlier study (Tellis
et al., 2013), we calculated that unidirectional Ca uptake exceeded
net Ca accumulation by at least 10-fold, so most of the Ca taken is
lost to efflux, rather than incorporated into the developing skele-
ton. Therefore, an alternate explanation is that these metals inhibit
calcification of the spicule rather than the uptake process itself, so
that even more of the influxed Ca is lost to efflux. This underscores
the importance of directly measuring the effects of continuous Pb
and Zn exposure on unidirectional Ca uptake itself in Series 2.

4.2. Pb and Zn accumulation measured periodically over 96 h of
development

In Series 1, Pb exposure resulted in significant accumulation
of the metal at all time points over the first 96 h of development
(Fig. 3). Accumulation of this non-essential metal followed a

somewhat similar pattern to that of Ca reaching a plateau at
72h-96h, in accord with the concept of molecular mimicry
(Ballatori, 2002). Using radiolabeled 21Pb, Nash et al. (1981)
reported a similar pattern of accumulation over time up to 70h
of development in another sea urchin, Lytechinus pictus. Notably
however, in the present experiments, the accumulation of Pb in
molar terms was only about 1/1000 of the accumulation of Ca over
the same period (Fig. 3 versus Fig. 1a). Concentration-dependent
accumulation of Pb was also seen in experiments performed on
this same species by Nadella et al. (2013).

In marked contrast there was negligible bioaccumulation of the
essential metal Zn relative to control organisms (Fig. 4) at an equi-
toxic exposure concentration, yet an even more profound inhibition
of Ca accumulation (Fig. 2a). Similarly, there was no concentration-
dependent bioaccumulation of Zn in the range finder experiments
performed by Nadella et al. (2013). Notably, Nadella et al. (2013)
reported that the Zn concentrations used here were lower than
those at which Zn starts to accumulate in the embryos. Clearly,
there is strong homeostatic regulation of Zn levels at these sub-
lethal exposure concentrations. These contrasting patterns for Pb
and Zn bioaccumulation were very similar to those reported earlier
by Radenac et al. (2001) for similar experiments with embryos of
P. lividus.

4.3. Unidirectional Ca uptake over 96 h of development

Under control conditions, unidirectional Ca uptake by the
developing sea urchin showed a variable pattern over 96 h of devel-
opment (Figs. 5 and 6). Earlier we interpreted this as reflecting the
differing Ca requirements of each developmental stage (Tellis et al.,
2013). In embryos continuously exposed to Pb and Zn, severe inhi-
bition was observed mainly at those time points when Ca uptake
rates were highest. Specifically, this inhibition occurred during
the blastula (24 h), gastrulation (48 h) and pluteus (84 h and 96 h)
stages for Pb exposed embryos (Fig. 5) and during the blastula
(24 h), gastrulation (48 h) and pluteus (72 h and 84 h) stages for
Zn exposed embryos (Fig. 6). Thus the inhibition of whole body
Ca accumulation (Figs. 1a and 2a) is associated, at least in part,
with inhibited unidirectional Ca influx. Presumably either the Ca
channels (De Aratjo Leite and Marques-Santos, 2011) or the inter-
nal Ca-handling pathways Gunaratne and Vacquier, 2007; Pinsino
et al.,, 2011), as discussed subsequently, were compromised by
Pb and Zn, and were therefore unable to meet the increased Ca
demands during these stages.

In these continuous exposures, both Pb and Zn caused greatest
inhibition of Ca uptake at the gastrulation stage (48 h; Figs. 5 and 6).
This stage of development is known to be an especially critical and
vulnerable landmark in development. In early 4>Ca uptake experi-
ments on Pseudocentrotus depressus, gastrulation was identified as
the stage at which Ca uptake and incorporation increased dramati-
cally (Nakano et al., 1963). On completion of this developmental
stage, three germ layers (ectoderm, mesoderm and endoderm)
and a rudimentary gut are formed and skeletogenesis is initiated.
Understandably, abnormalities at this phase often result in compli-
cations in later development of the skeleton (Yaroslavetseva and
Sergeeva, 2002).

One reason why the gastrulation stage might display such
sensitivity to metal toxicity is that the maternal reserves of
metallothioneins are depleted by this time (Warnau et al., 1996).
Metallothioneins are a group of low molecular weight proteins,
which protect organisms by virtue of their high affinity for metals,
which is a result of their cysteine-rich content. A decrease in avail-
able metallothioneins by gastrulation might leave the embryos
vulnerable until an increase in de novo synthesis of these proteins
is initiated (Warnau et al., 1996). Newly synthesized metallothi-
oneins may also be more effective in their protective role against
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metals, as they have not been previously exposed to metals as
the maternal metallothioneins might have been. This argument
appears to be more applicable to the Pb exposure results where
metal bioaccumulation occurred. Evidence for this is seen in a
return to normalcy of Ca levels in Pb exposed embryos in stages
after gastrulation (Fig. 1a) whereas this did not occur in Zn exposed
embryos (Fig. 2a).

Ca uptake rates in control embryos over time corresponded with
Ca accumulation over time. However, there was a latent period
between the increase in Ca uptake rate and the increase in whole
body Ca content as the ion presumably required time to accumu-
late. Similarly, there was a latent period between inhibition of Ca
uptake by metal exposure and lower levels of Ca accumulated in the
metal exposed embryos. In Zn exposed embryos, inhibition of Ca
uptake at 24 h (Fig. 6) resulted in lower levels of Ca at 36 h onwards
(Fig. 2a). Continuous Zn exposure had a major effect on Ca homeo-
stasis with a greater decrease in Ca levels than seen in Pb exposed
embryos (Fig. 2a versus Fig. 1a).

In Pb exposed embryos, an inhibition of Ca uptake at 24 h (Fig. 5)
coincided with lower concentrations of Ca at the same time point
(Fig. 1a). This could be because inhibition of Ca uptake is occur-
ring before 24 h (when uptake measurements are performed) and
by the 24 h mark had a significant effect on Ca concentrations. A
return to control uptake levels at 60 and 72 h (Fig. 5) resulted in a
return of Ca concentrations to control levels for the remainder of
the 96 h (Fig. 1a). Perhaps the inhibition of Ca uptake seen at 84 and
96 h (Fig. 5) would have resulted in lower Ca accumulation later in
development beyond the last time point of the experiment (Fig. 1a).
Regardless, as noted earlier, metal effects on net Ca accumulation
may be due to effects on the efflux as well as the influx compo-
nents of Ca exchange in view of the rapid turnover of Ca in these
developing embryos (Tellis et al., 2013).

4.4. Ca?* ATPase activity over 72 h of development

In developing sea urchin embryos, Ca2*-ATPase appears to be
involved in the internal handling and compartmentalization of Ca
(Gunaratne and Vacquier, 2007) rather than in its direct uptake
which is instead mediated by voltage-gated Ca2*-channels (De
Aratjo Leite and Marques-Santos, 2011). There is circumstantial
evidence, summarized by Pinsino et al. (2011), that Ca2* ATPase is
involved in Ca-trafficking into the skeletogenic cells. At least for
Zn, substantial inhibition of Ca2* ATPase activity, which occurred
at 24-48 h of development, the blastula and gastrulation stages
respectively (Fig. 8), may have been at least part of the toxic mecha-
nism contributing to depressed whole body Ca levels (Fig. 2a). Thus
Zn appears to interfere both with Ca uptake from the environment
and with calcification of the developing spicules. Inactivation of
enzymes by metals has been widely documented (Viarengo et al.,
1996). Specifically, inhibition of ATPase enzymes has been asso-
ciated with metals binding with the sulfhydral groups of these
enzymes (Pivovarova and Lagerspetz, 1996). Inactivation of these
enzymes has also been attributed to damage caused by reactive
oxygen species (Stark, 2005).

In contrast, Pb exposure did not inhibit whole body Ca*ATPase
activity, but rather caused significant increases in activity during
the gastrulation stage at 48 h and at 60 h (Fig. 7). This maintenance
and later increase in Ca2*ATPase activity, together with the return
to normal Ca uptake levels at 60 and 72 h (Fig. 5) may have con-
tributed to the return of whole body Ca concentrations to control
levels by 72-96 h in Pb exposed embryos (Fig. 1a). Clearly embryos
possess some capacity to recover during ongoing Pb exposure,
and this does not appear to occur during continuous Zn exposure,
reinforcing the conclusion that the two metals have different proxi-
mate mechanisms of action in causing disruption of Ca homeostasis.
However, an important caveat to this conclusion is that in the

closed incubation systems used, endogenously produced dissolved
organic carbon (DOC) may have built up over time, affecting the
bioavailability of the metals. Indeed Nadella et al. (2013) showed
that exogenously added DOC protected against Pb toxicity, but not
against Zn toxicity to early life stages of two marine mussel species,
so this could explain the apparent recovery during continued Pb
exposure, but not during continued Zn exposure. On the other hand,
exogenous DOC did not protect S. purpuratus larvae against either
metal. Furthermore, the apparent recovery from the effects of Pb
exposure in the present study does not exclude the possibility that
irreversible damage to development could still be occurring dur-
ing early key developmental stages, which might not be apparent
through measuring Ca levels only up to 96 h of development.

5. Conclusions and perspectives

Our research suggests that the toxicity of Pb and Zn during early
development stems primarily from a disruption of Ca homeostasis,
with small or no effects on Na, K, and Mg homeostasis. However
the two metals may disrupt Ca metabolism by different proximate
mechanisms of action. Interestingly, Pinsino et al. (2010, 2011)
have recently demonstrated in P. lividus embryos that exposure
to manganese can completely block formation of the spicule and
greatly reduce whole body Ca accumulation. This raises the possi-
bility that many different metals may interfere with Ca homeostasis
in developing sea urchin embryos. In the studies of Pinsino et al.
(2010, 2011), the threshold for this Mn effect appeared to be about
0.14 mmol/L, and complete inhibition occurred at 1.14 mmol/L. In
the present study, marked effects of Pb and Zn on Ca metabolism
were seen at only 0.3 wmol/L and 1.8 wmol/L respectively, empha-
sizing the much greater sensitivity of the organisms to these two
these metals.

Overall, Pb and Zn had the most pronounced effects on the gas-
trulation stage of development, as Ca2* uptake and accumulation
and Ca2* ATPase levels were the most impacted at this stage. This
is the point at which spicule formation accelerates, so likely cal-
cification of the spicule was impacted. Although Pb was greatly
bioaccumulated and Zn was not relative to levels in control orga-
nisms, the embryos displayed some capacity for recovery during
continued Pb exposure, but not during continued Zn exposure
when both metals were present at ~70% of the EC50 concentra-
tions for normal development. This was evident from the return to
normalcy of whole body Ca concentration, increases in whole body
Ca2* ATPase activity, and intermittent recovery of unidirectional Ca
uptake rates, suggesting that the occurrence of damage-repair dur-
ing continued Pb exposure. Toxic effects of metal exposure seen at
earlier time points during development may not be apparent at just
one time point. We propose measuring endpoints of toxicity peri-
odically over early development as a more effective way of studying
the toxic stress of contaminants, rather than using just one time
point (e.g. 72 h) as in traditional toxicity testing.
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