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Abstract
Differences in sensitivity are observed between mouse strains, C57 (sensitive) and SWV
(resistant) when exposed to cadmium (Cd) during the neurulation period. In this study, we
investigated the toxicokinetics of Cd in relation with toxicodynamic responses to identify factors
affecting differential Cd-sensitivity in C57 and SWV. Using a level of exposure which induced
developmental toxicity and differential effects between strains, we assessed maternal and
embryonic Cd uptake and evaluated biomarkers of response previously linked with Cd exposure,
specifically metal ion regulators (Mt1, Mt2, DMT1) and markers of cell cycle arrest/apoptosis
induction (p53, Cdkn1a, c-Casp3). Greater Cd uptake was observed in C57 embryos compared to
SWV and these observations of differential uptake were associated with increased alterations in
expression of biomarkers of metal response (e.g. c-Casp3) and strain sensitivity. Using sensitive
and resistant mouse strains, we have identified toxicokinetic and dynamic differences which
underlie observed differences in Cd-embryonic sensitivity and response.
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1. Introduction
Neurulation represents a critical period in embryonic development where aberrations due to
genetic and environmental factors can underlie neural tube defect (NTD) formation and
other adverse developmental outcomes [1]. In animal models, exposure to the heavy metal,
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cadmium (Cd), during neurulation results in a wide array of teratogenic outcomes, including
NTD formation [2,3]. Cd distributes to both the placenta and the developing embryo,
dependent on the route of exposure, gestational period, strain, dose, genetic background and
nutritional status [4–8]. Limited quantitative information exists regarding the toxicokinetics
of Cd during early embryonic development, yet, qualitative studies suggest that Cd reaches
the embryo as early as 1h post-injection (p.i.) (2.4mg/kg BW, exposed on GD9.0),
concentrating in the neuroepithelial cells of the neural tube as well as the limb buds and
embryonic gut [9], resulting in biochemical, cellular and morphological alterations [10,11].
Investigations regarding the distribution and kinetics of Cd in the developing embryo and its
relationship with alterations in neurulation are needed in order to further our understanding
of the link between environmental exposure and developmental disease (ex. NTDs).

Comparative studies between inbred mouse strains, C57 and SWV, indicate differences in
sensitivity to heavy metals when exposure occurs during early gestational development
[6,12]. For example, C57 mice are more sensitive to Cd than SWV mice during the period of
neurulation. Exposed to the same dose of Cd (4mg/kg BW), C57 mice, in comparison with
SWV mice, display a ~2 to 7 fold increase in NTD incidence as well as greater increases in
resorptions and effects on growth [6,13]. Our group has used this comparative model of
resistant and sensitive mouse strains to identify toxicogenomic responses which correlate
with differences in sensitivity during the neurulation period [13]. These studies showed that
Cd impacts genes involved in cell cycle arrest, apoptosis (including p53-mediated genes)
and CNS development differentially between these two strains in association with
differences in strain sensitivity [13]. An objective of this study aims at investigating
potential toxicokinetic differences between these two strains (C57 and SWV) that may
explain, in part, differences in response and sensitivity.

Our studies as well as related published papers indicate that Cd uptake in maternal and
embryonic tissues results in multiple biological and cellular alterations, including zinc or
metal ion dysregulation, altered redox status, DNA damage, apoptosis, cell cycle arrest, and/
or changes in CNS development signaling [10,11,13–15]. Based on these observations,
several biomarkers of response have been proposed for use with Cd, including established
markers associated with alterations in metal ion regulation, such as metallothioneins (e.g.
Mt1 and Mt2) characterized in their involvement in Cd sequesteration [16,17] and specific
divalent ion transporters (ex. DMT1) which regulate Cd cellular uptake [18]. Likewise,
markers associated with Cd-induced cell cycle arrest and apoptosis, such as p53, Cdkn1a
and Casp3, have been well-documented in their response to Cd [10,13,14,18]. In this study,
we evaluate these dynamic biomarkers of Cd response in conjugation with toxicokinetic
measurements to understand and assess the relationship between Cd kinetics and dynamic
responses in differentially sensitive mouse strains.

In C57 and SWV mouse strains, we investigate Cd uptake in both maternal and embryonic
tissues via Inductively Coupled Plasma Mass Spectrometry (ICPMS). In parallel, with 12
and 24h Cd concentration measurements, we assess markers of Cd-response, previously
linked with Cd exposure, examining embryonic protein expression of cell cycle arrest and
apoptosis markers (c-Casp3, p53, Cdkn1a) and gene expression of metal ion regulators
(Mt1, Mt2, DMT1) in both control and Cd-exposed C57 and SWV embryos. In this study,
we have identified and characterized Cd-toxicokinetic differences between C57 and SWV
embryos, which in relation, with Cd-toxicodynamic factors, associated with increased Cd-
sensitivity and -response in C57 versus SWV embryos during this window of development.
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2. Methods
2.1 Animals and Cadmium Exposure

As described in Robinson et al., 2009 [13], C57BL/6J (C57) and SWV strains were
maintained at the University of Washington, Department of Environmental and
Occupational Health Sciences. C57 mice were supplied from Jackson laboratories and SWV
mice were originally provided by Dr. Richard Finnell (Texas A&M University). Housed in
filter covered transparent plastic cages, animals were held in climate-controlled rooms under
an alternating 12h light/dark cycle. Water and food were available ad libitium. All animal
care and experiments were completed in agreement with the University of Washington
Institute of Animal Care Committee. Timed matings were generated by introducing
individual male mice into cages with two females. Copulatory plugs were identified in the
early morning (8:00am ± 1h) the following day and designated as GD0. Pregnant mice were
administered single doses via intraperitoneal injection (ip) on GD 8.0, 8:00am (±1h) with
either cadmium chloride (4mg/kg/BW, Alfa Aesar, Ward Hill, MA) dissolved in deionized
water (working concentration of 2mM), or water (vehicle control) (10ul/g). Our exposure
time and injection method (ip) used was chosen due to previous observations indicating
exposure to Cd on GD8 results in significant developmental toxicity (NTDs, growth effects)
and differential effects between C57BL/6 and SWV strains [6,13].

2.2 Maternal Liver and Embryo Preparation for Kinetic Assessments
C57 and SWV dams were euthanized on GD8.25 (6h p.i.), GD 8.5 (12h p.i.) and GD 9.0
(24h p.i.). The uterine horns were extracted from the abdomen region and placed in cold
CMF-EBSS. Embryos were isolated, in cold CMF-EBSS, placed in liquid nitrogen, and
stored at −80°C. Pooled litters were kept separate in a volume of <100ul CMF-EBSS. To
conduct parallel maternal Cd uptake assessments, maternal livers were isolated and placed in
liquid nitrogen and stored at −80°C. Cd extraction was completed using the EPA 200.3
method with modifications [19]. Ultra pure grade concentrated nitric acid (HNO3) (200ul)
was added directly to each sample (maternal liver or litter of embryos) in 2ml polypropylene
tubes and heated at 90°C (water bath) for 30 min. Samples were cooled at room temperature
(~5 min), then an additional 50ul of HNO3 was added. Samples were heated at 90°C (water
bath) for at least 15 min. Visibly assured for complete digestion, samples were cooled at
20°C (~5min) then transferred to 25ml Erlenmeyer flasks. Each tube was rinsed 3× with de-
ionized water (500ul). An additional 50ul HNO3 was added and flasks were heated on a hot
plate for 30 min and left overnight to cool. In each flask, volumes were reduced to ~500ul
via evaporation by hot plate. ACS reagent grade, 30% hydrogen peroxide (H2O2) (40ul) was
added to each flask. Volumes were again reduced to ~500ul, then 30% H2O2 was added
again, repeated (5×). Samples were cooled and transferred to 15ml tubes. Each sample was
brought up to a final equal volume of 6ml with de-ionized water, twice the minimum
volume needed for ICPMS analysis (3ml). Before ICPMS analysis, each sample was
centrifuged and displaced in a new tube to eliminate any remaining undigested sample. Cd
standards were prepared in 6% HNO3/ 4.0% H2O2.

2.3 Inductively Coupled Plasma Mass Spectrometry (ICPMS)
ICPMS analysis was conducted using the EPA 200.8 method [20] to measure Cd content in
collected maternal liver and embryo samples by the Environmental Health Laboratory at the
University of Washington (Seattle, WA). Cd concentrations (ppb) were calculated for liver
and embryonic samples using the Cd concentration standard curve. Concentrations below
the detection level of 0.1 ppb were determined to be equal to 0.1 ppb. We detected Cd
concentrations above our minimum detection level of 0.1 ppb for all maternal liver (Cd
exposed and control), 47% of control embryo and 87% of Cd-exposed embryo samples
(SWV and C57). For maternal liver samples, we divided the total ng Cd calculated in each
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sample by the original liver mass (mg). For embryo (litter) samples, we calculated the ratio
of total ng of Cd in each sample by the number of embryos assessed to determine ng Cd on a
per embryo basis. A selected Cd stock was assessed using ICPMS and found to be 99%
accurate using our current methodology. Acid digestion led to an estimated reduction in 8–
11% of total Cd.

2.4 Embryo RNA and Protein isolation
To conduct embryo RNA and protein assessments, Cd exposed and control pregnant C57
and SWV females were euthanized GD8 – GD10. Cd exposed embryos were collected
specifically at 12 and 24h p.i. (GD8.5, 9.0), while control embryos were collected at 0, 12,
24, and 48h p.i. (GD8, 8.5, 9.0, 10.0). Embryos were collected exactly as above in
preparation for our kinetic assessments. Embryos were placed in 500ul of RTL Cell Lysis
buffer (Qiagen, Valencia, CA) and lysed with a 30G needle to homogenize the tissue. RNA
was purified using the RNAeasy kit (Qiagen, Valencia, CA). The Nanodrop ND-100
spectrophotometer (Nanodrop Technologies, Wilmington, DE) was used to assess initial
RNA quantity (~5 – 30ug/litter of embryos) and quality (Abs260/280 = 1.9 – 2.1).

2.5 Reverse Transcription Polymerase Chain Reaction (RT-PCR)
Using Superscript II, cDNA was prepared from purified total RNA. To assess gene
expression of Mt1, Mt2, DMT1, and BActin, 4uL of cDNA was amplified using the Taqman
Universal PCR Master Mix and 6-FAM dye-labeled Taqman assays (Applied Biosystems,
Foster City, CA). BActin was utilized as an internal control to normalize our data.

2.6 Western blot
Western blot procedures for selected proteins were conducted according to previously
described methods with modifications [21]. Equal amounts of proteins (15ug) were loaded
onto criterion gels (12.5%) and separated according to size (Biorad, Hercules, CA). Proteins
were then transferred to a nitrocellulose membrane and incubated with specific primary and
secondary antibodies. Primary probes and respective dilutions used, included Trp53 (p53)
(sc-100) mouse monoclonal 1:500, Cdkn1a (sc-6246) mouse monoclonal, c-Casp3 (rabbit
polyclonal) 1:500, Actin (sc-1616) goat polyclonal from Santa Cruz Biotechnologies (Santa
Cruz, CA) and GAPDH (MAB374) mouse monoclonal from Chemicon (Billerica, MA).
Raw intensities (volume) were generated by calculating the intensity of each band minus its
representative background within each film (Jimage). Intensities were adjusted either by
GADPH or Actin. No significant differences were observed between using either GADPH
or Actin to adjust intensities.

2.7 Statistical Analysis
To determine the significance of comparisons between treatment, time and strain as well as
their respective interactions, we conducted ANOVA for both measures of toxicokinetic and
toxicodynamic changes. For example, we assessed the effect of treatment (Cd, Control),
strain (C57, SWV) and time (6, 12, 24h p.i.) on Cd uptake in mouse livers or embryos using
the ANOVA Model: [ng Cd/mg liver tissue or ng Cd/embryo = (BCdx1) + (BStrainx2) +
(BTimex3) + (BCd_Strainx1x2) + (BCd_Timex1x3) + (BStrain_Timex2x3) +
(BCd_Strain_Timex1x2x3)] Significant effects were identified using an F-test (p<0.05) for each
effect variable. Additional post-hoc analyses (Student one-sided t-tests) were completed to
make direct comparisons between groups at respective timepoints (p<0.05). For gene
expression assessments (Mt1, Mt2, DMT1), data was presented as a bar graph with the mean
+ SEM. For protein expression assessments, we normalized adjusted intensity values by the
average of the 12 + 24h controls within each gel to make comparisons across blots. We
adjusted by other means and showed similar distributions and significance in our
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relationships. The geometric mean for each group was determined between separate litters
for each treatment/timepoint. Data was presented as a bar graph with the geometric mean +
SEM. Three to six samples (n=3–6) for each strain were assessed within each exposure
group for all kinetic and dynamic (RNA or protein) assessments, with the exception of
GD10 control embryo (C57 and SWV) RNA assessments (n=2).

3. Results
3.1 Maternal Liver - Cd Kinetics

In Figure 1, in both C57 and SWV dams, we observed a significant increase in Cd uptake in
Cd-exposed compared to control livers across all three timepoints (6, 12, 24h p.i.) (ANOVA,
BCd p<0.005). No significant differences were observed in Cd concentrations between
strains or timepoints measured (ANOVA, p> 0.05).

3.2 Embryos - Cd Kinetics
Likewise in Figure 2, in both C57 and SWV embryos, we observed a significant increase in
Cd uptake in exposed compared to control embryos across time (ANOVA, BCd p<0.005).
However, in contrast to observations in Cd-exposed C57 and SWV maternal livers, we
observed differential embryonic Cd uptake at specific timepoints between strains as
indicated by the significant interaction between time, treatment, and strain effects (ANOVA,
BCd_Strain_Time p<0.05). At 6h p.i., we observed a ~4 fold greater increase in mean Cd
uptake in embryos of C57 (1.06± 0.49 ng/embryo) compared to SWV (0.27 ± 0.07 ng/
embryo). All Cd measurements at 6h p.i. were identified to be higher in the C57 compared
to the SWV in Cd exposed embryos (n=3) (data not shown). At 12h and 24h p.i., Cd levels
were lower compared to 6h p.i. in the C57 and differed between strains to a lesser degree
(~1.5 fold difference between strains). At 12h p.i., Cd concentrations were higher in the C57
(0.59 ± 0.12 ng/embryo) compared to the SWV (0.39 ± 0.06 ng/embryo), whereas at 24h
p.i., Cd levels were higher in the SWV (0.33 ± 0.09 ng/embyo, C57, 0.22 ± 0.06 ng/
embryo).

3.3 Biomarkers of Cd Response - Metal Ion Regulators
In Figure 3, we show relative RNA expression of Mt1, Mt2 and DMT1 in Cd-exposed and
control C57 versus SWV embryos 12 and 24h p.i. corresponding with GD8.5 and 9.0.
Moving left to right in this figure, in the C57 (12h p.i.), Cd-induced upregulation of Mt1,
Mt2 and DMT1 (p<0.05) compared to their concurrent control (12h). At 24h, increased Mt1
and Mt2 expression was reduced, but still significantly elevated (p<0.05) and a statistical
tendency for increased DMT1 (p=0.05) was observed in comparison with 24h controls. In
the SWV, we did not observe any significant changes with Cd at 12h p.i., however at 24h
p.i., we observed significant Mt1 and Mt2 induction compared to their respective 24h
control (p<0.05). For all three genes (MT1, MT2, and DMT1), significant differences in
background expression between control C57 and SWV embryos were observed on GD8.5
(p<0.05), an important timepoint in neural tube closure.

In Figure 4, we present RNA expression of Mt1 (A), Mt2 (B) and DMT1 (C) across early
development (GD8–10) in control C57 and SWV embryos. For Mt1 and Mt2, we observed
higher expression in SWV compared to the C57 across time (GD8 – 10) between strains
(ANOVA, p>0.05) (Figure 4A and B). The largest differences in MT1 and MT2 expression
were observed on GD8.5 (~4 fold difference in expression in the SWV). In contrast, we
observed significant differential expression of the metal transporter, DMT1 between control
C57 and SWV embryos (GD8-GD10, ANOVA, p<0.001) (Figure 4C). C57 embryos
contained ~2× the amount of DMT1 RNA compared to the SWV during GD8.0 – 9.0.
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3.4 Biomarkers of Cd Response - Cell Cycle Arrest and Apoptosis
Protein expression of markers of apoptosis and/or cell cycle arrest (c-Casp3, p53 and
Cdkn1a) in Cd-exposed and control C57 and SWV embryos are presented in Figure 5. At
12h p.i., in Cd exposed C57 embryos, we observed a significant 7.4 fold increase in the
cleaved Caspase 3 protein product, c-Casp3 (p<0.001), while in the SWV, we observed a
modest 1.9 fold increase in c-Casp 3 (p>0.05). Cd significantly induced more c-Casp3 in the
C57 compared to the SWV (ANOVA, BCd_Strain, p<0.005), correlated with greater Cd
uptake in C57 embryos. At 12h p.i., Cd induced a significant increase in total p53 protein in
the C57 (3.2-fold increase) (p<0.05), while in the SWV, no significant changes were
observed. Cdkn1a protein was significantly upregulated in both C57 (~2.4-fold increase) and
SWV (~4.3-fold increase) embryos at 12h p.i (p<0.05). At 24p.i., we did not observe a
significant increase in c-Casp3, p53 or Cdkn1a protein in either strain comparing Cd-
exposed to control. For both p53 and Cdkn1a protein, no significant interactions were
observed between strain and treatment or strain, treatment and time (BCd_Strain or
BCd_Strain_Time, p>0.05).

4. Discussion
The C57 and SWV display differential sensitivity to Cd when exposed during the
neurulation period, resulting in increased developmental toxicity in the sensitive strain
[6,13]. In the current study, we investigated potential toxicokinetic and toxicodynamic
factors which contribute to previously confirmed differences in Cd-response and –
sensitivity. We explored Cd concentrations in C57 and SWV (maternal and embryonic) in
relation with biomarkers of Cd response, including genes associated with Cd ion regulation
(Mt1, Mt2, DMT1) and proteins involved in cell cycle arrest and apoptosis (p53, Cdkn1a, c-
casp3) [10,13,14,17,18,22].

Previous studies investigating the distribution of Cd during pregnancy indicate Cd passes
through the placenta and accumulates in the embryo [9,23]. At doses able to induce
developmental toxicity during early gestation, Cd distributes to the neural tube as early as 1h
following injection (Cd 2.4mg/kg BW, GD9.0, ip), localizing in the neural tube, limb buds
and gut [9]. In our study, we observed Cd concentrations in C57 and SWV embryos ~2 –
13× above control levels, dependent on strain and time (Figure 2). We observed Cd peak
concentrations at 6h p.i. in the C57 and 12h p.i in the SWV. Peak concentrations (≤12h)
support subsequent morphological cellular changes (pyknotic nuclei) which have been
reported to occur 10–12h within the neural tube, with minimal changes occurring at 4, 24,
and 48h [11]. Our study supports these reports that Cd can cross the placenta into embryonic
tissues and also provides significant quantitative knowledge of Cd uptake in two
differentially sensitive strains of mouse embryos during a critical period in early
development

Despite evidence of equivalent maternal Cd uptake in the liver (6–24h p.i.) (Figure 1), at 6h
p.i and to a lesser degree at 12h p.i., we observed higher Cd concentrations in C57
(sensitive) compared to SWV embryos. Observations of increased Cd embryonic uptake
and/or higher peak concentrations in C57 versus SWV embryos occurred at times of peak
neurulation sensitivity, implicating that both toxicokinetic and toxicodynamic factors
underlie differences in sensitivity between C57 and SWV embryos exposed identically to Cd
in utero.

In addition to toxicokinetic assessments, we measured biomarkers of response associated
with Cd ion regulation, Mt1, Mt2 and DMT1. Due to their involvement in metal ion
regulation and oxidant damage, metallothioneins (Mts) are proposed as biomarkers of metal
response and human sensitivity [17,22]. Recent reports suggest Cd induces increases in

Robinson et al. Page 6

Reprod Toxicol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



expression of Mt1 and Mt2 in C57 mouse embryos (4mg/kg, GD8) [14,16]. In this study, we
support these findings that Mt1 and Mt2 serve as a biomarker of response in early
developing mouse embryos and provide evidence of differential Mt response between C57
and SWV embryos (temporal aspects and the degree of response) in relation with
toxicokinetic assessments (Figure 3). Mt1 and Mt2 (12 and 24h p.i.) were significantly
upregulated in the C57, while only Mt1 and Mt2 were upregulated in the SWV at 24h p.i.
Higher embryonic Cd concentrations at 6 and 12h p.i. in the C57 compared to the SWV
associate with greater Mt1 and Mt2 induction in the C57 compared to the SWV (12h p.i.).
Our results suggest the degree of Mt1 and Mt2 induction at 12h p.i., is associated with
greater Cd embryonic uptake and furthermore, associates with sensitivity to Cd-induced
NTDs in embryos undergoing neurulation.

Increased expression of the divalent metal transporter, DMT1, is associated with increased
Cd uptake in adult rat tissues (small intestine, liver, kidney) [18]. In our study, we found Cd
to induce embryonic DMT1 RNA expression in only the C57, potentially indicating
upregulation due to increased Cd uptake or induced alterations in divalent metal status in the
sensitive strain. The ability of Cd to alter DMT1 expression in mouse embryos during
neurulation has not been previously repeated. We provide evidence for Cd to alter
expression of DMT1 in mouse embryos and are able to identify this response to be
associated with differential Cd uptake between resistant and sensitive mouse strains.

For all three of these biomarkers involved in Cd ion regulation (Mt1, Mt2, DMT1), we
identified significant differences in expression between C57 and SWV controls across
neurulation (GD8, 8.5, 9, 10) (ANOVA, p<0.05 or p<0.001) (Figure 4). These differences
were clearly evident at GD8.5, where both Mt1 and Mt2 were found to be ~4× higher in the
SWV compared to the C57, while DMT1 was identified to be ~2× higher in the C57
compared to the SWV. Differential levels of these transcripts may be of importance in the
predisposition to metal sensitivity due to alterations in Cd ion uptake or distribution. For
example, in Mt1 and 2 (−/−) pregnant dams exposed via Cd (oral, daily, beginning on GD0)
across gestation, ~100× more Cd accumulates in knockout fetuses compared to wildtype
(isolated on GD14 or GD17) [4], indicating a clear necessity for Mt function and Cd
embryonic accumulation. The ability of DMT1’s influence on Cd influx has also been
observed in genetically modified cell lines, where overexpression of DMT1 results in
increased transport of Cd [24] and elimination of DMT leads to decreased Cd uptake [25],
suggesting differential expression of DMT1 influences Cd transport. Our results show
significant differences in baseline expression of these genes between strains during this
window in development, suggesting a need to further investigate the normal background
status between these two differentially sensitive strains in pathways important for metal
exposure as well as toxicity mediation and normal development.

Combined with kinetic measurements and assessments of biomarkers of response associated
with Cd ion regulation, we examined biomarkers of Cd response linked with Cd-induced
apoptosis and cell cycle arrest. Apoptosis and cell cycle arrest-related molecular events are
associated with Cd-induced NTDs and have been proposed as biomarkers of metal response
[10,13,14]. In this study, we examined the impact of Cd on protein expression of three
markers of interest, c-Casp3, p53 and Cdkn1a, known to play critical roles in cell cycle
arrest and apoptosis (Figure 5). Here, we reconfirm earlier observations of Cd to induce
activation of the important mediator of apoptosis, Casp3, in C57 mouse embryos undergoing
neurulation [10]. Furthermore, we show that c-Casp3 is associated with increased toxicity
and sensitivity in comparisons between the C57 and SWV as c-Casp3 was induced by a
significantly greater amount with Cd exposure in the C57 compared to the SWV.
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Previous studies from our lab suggest Cd induces RNA expression of p53 and the p53-
downstream mediator, Cdkn1a, in both C57 and SWV embryos undergoing neurulation [13].
In the current study, we observed Cd to significantly induce upregulation of p53 protein in
only the C57 (12h p.i.) and not the SWV (Figure 4). Differential Cd effects between strains
on p53 expression were only modest as indicated by ANOVA (BCd_Strain, p=0.15), however,
increased p53 at 12h, much like c-Casp3, associated with increased toxicity as well as
greater Cd uptake in the C57 in comparison with the SWV. Differential increases in protein
expression of total p53 in the C57 compared to the SWV may implicate differential
induction of p53 downstream mediated genes. Interestingly, p53-mediators, Pmaip1 and
Ccng1 at 12h p.i. were observed to be upregulated in the C57 and not in the SWV exposed
similarly to the current study [13]. Also, in our study, Cd induced Cdkn1a protein, however,
unlike p53 and c-Casp3, we observed significant increases in both C57 and SWV mouse
embryos (12h p.i.). The magnitude of Cdkn1a protein expression at 12h p.i. did not reflect
the level of toxicity between these two strains, or for that matter, p53 protein expression,
implying that Cdkn1a may be upregulated through p53-independent mechanisms.

Limited quantitative information exists about Cd accumulation to make proper assessments
between animal models and human during early development. With the degree of maternal
exposure (4mg/kg BW) and route (ip) in this study differing from typical environmental
human exposures, extrapolating our results from a risk assessment standpoint proves to be
complex as illustrated with other teratogenic agents (e.g. arsenic) with similar experimental
design (high dose, acute exposures) [26]. Extrapolations using an approximation for
embryonic weight suggest embryonic Cd levels observed in this study to be within a 10–
100× range of early assessments of Cd accumulation (using atomic absorption) in aborted 1st

trimester human embryos [27]. However, these comparisons should be made with caution
due to differing experimental techniques. Few quantitative studies exist which compare Cd
accumulation during neurulation in rodents. Measured by atomic absorption, SWV embryos,
24h following Cd repeat exposures (4mg/kg BW, GD7–9, ip injection) contain ~2× Cd as
controls, approximately 1000× higher than concentrations (0.6 ug/embryo) observed in our
study [15]. Issues surrounding sensitivity of measurements due to technique (ICPMS versus
atomic absorption) and design (whole embryo, animal model, gestational day) need to be
resolved to make valid comparisons between human and rodent. Using a combination of
toxicokinetic and dynamic factors will improve comparisons between rodent models and
human.

In summary, we suggest that differential kinetic profiles of Cd contribute to sensitivity to Cd
during neurulation between sensitive (C57) and resistant (SWV) mouse strains and that
these differences are supported using the combination of both toxicokinetic and dynamic-
based assessements. Differential expression of biomarkers of Cd response may play a role in
observed differential effects and their interpretation requires detailed dose and temporal
assessments within such a framework.
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Figure 1. Cd uptake in maternal liver of C57 and SWV mice
Cd-exposed and control maternal liver of pregnant dams of C57 and SWV were assessed for
total Cd uptake via ICPMS 6, 12, 24 h p.i. (GD8.0). Data are shown as mean ± SEM.
ANOVA was conducted to determine significant primary and interactive effects across time,
exposure, and strain. Asterisks indicates significant Cd uptake in maternal liver (p<0.001
(**)). Livers of Cd-exposed C57 and SWV showed similar Cd concentrations across time
(ANOVA, p>0.05)
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Figure 2. Differential Cd uptake in embryos of C57 and SWV mice
Cd-exposed and control litters of embryos of C57 and SWV were assessed for total Cd
uptake via ICPMS 6, 12, 24h p.i. (GD8.0). Data are shown as mean ± SEM. Asterisks
indicate significant (ANOVA) Cd concentrations in Cd exposed embryos compared to
controls (p<0.001 (**)). A significant interaction between Cd uptake, time and strain was
identified (p<0.05 (#)), indicating differential Cd uptake between strains at specific
timepoints. The largest difference between strains was observed at 6h p.i.
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Figure 3. RNA expression of biomarkers of Cd response associated with metal ion regulation
(Mt1, Mt2, DMT1)in Cd-treated and control C57 and SWV embryos
Homogenized litters of Cd- exposed and control C57 and SWV embryos were assessed for
RNA expression at 12 and 24h p.i. via RT-PCR. Raw intensities were adjusted by Bactin
and then normalized to the average C57 12h control value to be able to display comparisons
between the three probes. Data are shown as mean ± SEM. An asterisk indicates significant
differences between Cd exposed versus control at each respective timepoint (Ttest, p<0.05).
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Figure 4. Differential RNA expression of Mt1, Mt2 and DMT1 between C57 and SWV embryos
during neurulation (GD8.0 – 10)
We conducted RT-PCR for C57 and SWV embryos over the neurulation period (GD8–10)
for Mt1 (A), Mt2 (B), and DMT1 (C). Data are shown as mean ± SEM. For Mt1 and Mt2,
we observed higher expression in the SWV across time (ANOVA, p<0.05). In contrast, we
observed significantly higher DMT1 expression in C57 versus SWV embryos (ANOVA,
p<0.001).
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Figure 5. Protein expression of biomarkers of Cd response associated with cell cycle arrest and
apoptosis in Cd-treated and control C57 and SWV embryos
Homogenized litters (pooled embryos within one litter) of Cd- exposed and control C57 and
SWV embryos (n=3–6) were probed for c-Casp3, total p53 and Cdkn1a, 12 and 24h p.i. via
Western Blot. Data are shown as geometric mean ± SEM. Asterisks indicate significant
differences between Cd exposed versus control at each respective timepoint (Ttest, p<0.05
(*), p<0.005 (**)). Significant differences in c-Casp3 activation were observed between
strains (ANOVA, p<0.05).
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