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Abstract

Copper (Cu) deficiency-induced teratogenicity is characterized by major cardiac, brain and vascular
anomalies, however, the underlying mechanisms are poorly understood. Cu deficiency decreases
superoxide dismutase activity, and increases superoxide anions which can interact with nitric oxide
(NO), reducing the NO pool size. Given the role of NO as a developmental signaling molecule, we
tested the hypothesis that low NO levels, secondary to Cu deficiency, represent a developmental
challenge. Gestation day 8.5 embryos from Cu adequate (Cu+) or Cu deficient (Cu—) dams were
cultured for 48 h in Cu+ or Cu— medium, respectively. We report that NO levels were low in
conditioned media from Cu—/Cu—embryos and yolk sacs, compared to Cu+/Cu+ controls under basal
conditions, and with NO synthase (NOS) agonists. The low NO production was associated with low
endothelial NOS phosphorylation at serine 1177 and cyclic guanosine-3',5’-monophosphate (cGMP)
concentrations in the Cu—/Cu— group. The altered NO levels in Cu deficient embryos are functionally
significant, as the administration of the NO donor, DETA/NONOate, increased cGMP and
ameliorated embryo and yolk sac abnormalities. These data support the concept that Cu deficiency
limits NO availability and alters NO-dependent signaling which contributes to abnormal embryo and
yolk sac development.
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Introduction

Nitric oxide (NO), produced during the conversion of L-arginine to L-citrulline by NO synthase
(NOS) isoforms, is a gaseous, free radical molecule that mediates various signaling functions,
including smooth muscle relaxation, neurotransmission, and immune cell cytotoxicity [1,2].
NO is involved in early developmental processes including ovulation, implantation and
embryogenesis, and regulates the development of skeletal, lung, and cardiovascular systems
[3-10]. Endothelial NOS (eNOS) knockout neonates are characterized by lower fetal and birth
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weight, defects in lung morphogenesis, impaired systolic and diastolic baseline contractile
function, atrial septal defects, increased postnatal heart failure, abnormal limb development,
and increased mortality [10-13]. NO also plays a crucial role in yolk sac vessel development
[14]. Using an embryo culture system, Nath and coworkers reported that the addition of a NOS
inhibitor to the embryo culture media resulted in yolk sac vasculopathy phenotypes including
lack of vascularization and functional circulation, dilated vessels, and arrested vascular
development [14]. These authors further showed that hyperglycemia can result in an elevated
concentration of reactive oxygen species, and developmental defects that are similar to those
seen with NOS inhibition [14]. Significantly, in this model system, the addition of a NO donor
to the media reduces the developmental toxicity of the hyperglycemic insult.

In humans, copper (Cu) deficiency is teratogenic with adverse outcomes such as early
embryonic death and structural abnormalities including cardiac, skeletal, pulmonary, vascular
and neurological defects [15-18]. Similarly, in animals, Cu deficiency during pregnancy leads
to numerous structural and biochemical abnormalities in the embryo and fetus, with the heart,
brain, and yolk sac vascular system being most affected [19-21]. Long-term adverse effects
of Cu deficiency on immune and neurobehavioral functions can also occur [15,17,22]. The
essentiality of Cu during development is underscored by the observations that transgenic mice
lacking the Cu transporters Ctrl, COX17, and Atox1 die during mid-gestation or the early
postnatal period [23-25].

Excessive oxidative/nitrosative stress due, in part, to decreased Cu-zinc superoxide dismutase
(Cu-Zn SOD) activity may be one mechanism contributing to Cu deficiency teratogenicity.
Increased superoxide anions (O,*7), as a result of decreased Cu-Zn SOD activity, can react
with NO to form peroxynitrite (ONOQO™) which can exert detrimental effects in tissues/organs
including blood vessels by increasing protein nitration or limiting NO bioavailability [26,27].
We have previously shown that Cu deficient embryos have increased staining of 3-nitrotyrosine
(3-NT) in the neuroepithelium region of the anterior neural tube, an indication of an
environment of elevated ONOO™ [19]. The increased staining of 3-NT was reversed with the
addition of Cu, Cu-Zn SOD, Tiron (SOD agonist), or glutathione peroxidase [19], however,
the antioxidant treatments did not rescue the Cu deficiency-induced teratogenicity. Thus, we
hypothesized that a decrease in bioavailable NO may play arole in Cu deficiency teratogenicity.

That high amounts of O,*~ can limit the availability of bioactive NO in vessels has been
established in numerous disease conditions including atherosclerosis, diabetes, hypertension,
and hypercholesterolemia [28-31]. Like hyperglycemia, Cu deficiency is an oxidative/
nitrosative stress condition which may increase the requirement for NO. Dietary Cu deficiency
in male weanling rats attenuates NO-mediated vessel relaxation and the response is restored
in the presence of SOD, illustrating the sensitive association between Cu and NO levels [32,
33]. Cu-Zn SOD knockout mice also have higher O,*~ levels, and impaired endothelium-
dependent dilation of cerebral arterioles, consistent with the idea that these mice have low
vascular NO levels [34,35]. Decreased NO bioavailability can result from reduced NO
synthesis due to decreased NOS activity or from accelerated breakdown, both of which can
occur in oxidative stress conditions.

The present study was designed to test the hypothesis that Cu deficiency-induced changes in
NO metabolism and bioavailable NO contribute to the teratogenicity of Cu deficiency. Using
a mouse embryo culture model, as well as embryos taken in vivo, we report that NO
concentrations in conditioned media from Cu deficient embryos and yolk sacs are low
compared to Cu adequate controls, and provide data that the low NO concentrations might be
secondary to low eNOS phosphorylation at serine 1177 (phospho-eNOS (Ser 1177)). NO-
mediated downstream signaling is also altered in Cu deficient post-implantation staged
embryos and yolk sacs as characterized by low cyclic GMP (cGMP) levels. The concept that
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the Cu deficiency-induced reduction in NO concentrations is functionally significant is
supported by our observation that the addition of the NO donor DETA/NONOate to Cu
deficient media, increases cGMP levels, and ameliorates developmental anomalies in Cu
deficient embryos and yolk sacs. Collectively, these data confirm the essentiality of NO for
normal embryonic development, and provide evidence for the hypothesis that altered NO
availability contributes to Cu deficiency-induced teratogenicity.

Materials and methods

Animals and diets

Female virgin 5-wk-old CD-1 mice (Charles River Laboratories, Hollister, CA) were housed
in pairs in suspended stainless steel wire-bottomed cages under standard conditions. Mice
consumed deionized water and one of two purified diets ad libitum: Cu adequate (8.0 ug Cu/
g diet, Cu+) or Cu deficient (< 0.5 ug Cu/g diet, Cu—) diet for 3 wks before breeding. The Cu
content of the diets was verified by inductively coupled plasma spectroscopy (ICP-AES; Trace-
Scan, ThermoElemental, Willmington, MA) after acid extraction. For the first two wks, the
Cu deficient diet contained 1% (w/w) triethylenetetramine (TETA; Sigma, St. Louis, MO), a
Cu chelating agent. Thereafter, the mice were fed the Cu deficient diet without TETA. After
3 wks of dietary treatment, females were bred overnight with stock diet-fed breeder males of
the same strain. Females with sperm plugs the next morning were identified as gestation day
(GD) 0.5. At GD 8.5 (in vitro experiments) or GD 10.5 (in vivo experiments), dams were
anesthetized with CO, and killed via abdominal aorta exsanguination. Maternal blood, liver
and kidney were collected, and embryos were isolated. Depending on the assay, different
numbers of embryos and yolk sacs were pooled within a litter and within a treatment group.
This protocol was approved by the Animal Use and Care Administrative Advisory Committee
of the University of California at Davis.

Study 1: Effects of Cu deficiency on mouse embryonic and yolk sac vessel development and
NO metabolism

Whole embryo culture—Cu adequate and Cu deficient GD 8.5 embryos having between
3-5 somite pairs were dissected from maternal decidua leaving the yolk sac and ecto-placental
cone intact using standard techniques [19]. The Cu adequate and Cu deficient explanted
embryos were cultured for 48 h in Cu adequate (16.96 + 0.37 uM Cu) or Cu deficient (0.51 +
0.08 uM Cu) culture media, respectively. Thus, there were two treatment groups (Cu+/Cu+
and Cu—/Cu-). The media contained 75 % male rat serum and 25% Tyrode’s solution. The rat
serum used for the embryo culture was collected from male Sprague-Dawley rats (Charles
River Laboratories) that had been fed either the Cu—adequate diet for 4 wks or the Cu—deficient
diet containing TETA for 3 wks followed by one wk of TETA-free Cu deficient diet as
previously described [36]. Culture bottles were incubated at 37°C and rotated at 30 rev/min
for 48 h. The flasks were gassed twice daily with varying concentrations of O,, CO5, and N,
[19]. After the 48 h culture period, the embryos were staged by somite number, measured for
crown-rump length, and scored according to the morphological scoring system of Brown and
Fabro [37], adapted for the mouse. This scoring system allows the quantitative assessment of
twelve morphological features and organ systems resulting in an overall index of embryonic
growth and development. In addition to developmental staging, embryos were examined by
light microscopy for gross morphology and the presence of abnormalities by an investigator
who was blinded to treatment groups. After the 48 h culture period, subsets of culture media
were collected for Cu analysis. Embryos and yolk sacs were then prepared for SOD activity
assay, O,"~ quantification, or assessment of NOS isoform protein expression. A subset of
embryos and yolk sacs were further incubated for 2 h and the conditioned media analyzed for
NO concentrations.
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SOD activity—After the 48 h culture period, two Cu+/Cu+ or Cu—/Cu—embryos or yolk sacs
were pooled within a litter and within a treatment group and homogenized in 160 pl of buffer
(0.25 M sucrose, 10 mM Tris; pH 7.4, and Complete Protease Inhibitor Cocktails; Roche
Applied Science, Indianapolis, IN). Total SOD activity was determined spectrophotometrically
by measuring the inhibition of formazan dye formation produced from the reduction of the
water-soluble tetrazolium salt, WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfo-
phenyl)-2H-tetrazolium, monosodium salt) by O,*~ generated from the reaction of xanthine
oxidase and xanthine using an SOD Assay kit-WST (Dojindo Molecular Technologies Inc.,
Gaithersburg, MD) [38]. Bovine erythrocyte Cu-Zn SOD (Sigma) was used to generate a
standard curve. The absorbance was measured at 450 nm and SOD activity was expressed as
Units/mg protein.

O,~ concentrations—Following the 48 h culture period, two Cu+/Cu+ or Cu—/Cu—
embryos or yolk sacs were pooled within a litter and within a treatment group and homogenized
in 200 pl of sucrose buffer (0.25 M sucrose and 10 mM Tris; pH 7.4) [20]. The homogenate
(30 pl) was mixed with 10 ul of NADH (1% [wi/v]), 10 ul of NADPH (1% [w/v]), 600 pl of
sodium carbonate buffer (50 nM; pH 10), and nitroblue tetrazolium (NBT; 3.3 mg/ml). To
determine the specificity of this assay for O,"", each sample was also run in the presence of
50 pl of Cu-Zn SOD (800 U/ml; Sigma). Differences in the rates of NBT reduction were
determined between samples with NBT alone, and samples containing NBT and Cu-Zn SOD.
The change in absorbance was measured at 560 nm on a Beckman DU 640 spectrophotometer
(Beckman Instruments). O,°~ concentration is expressed as umol NBT reduced/min/mg
protein.

NO concentrations—To examine the effects of Cu deficiency on NO metabolism, two
model systems were used. First, NO production was assessed in embryos that were collected
at GD 8.5 and cultured for 48 h (in vitro experiment). Second, to complement the in vitro data,
NO production was assessed in embryos and yolk sacs collected at GD 10.5 from Cu+ or Cu
—dams (in vivo experiment). Individual embryo and yolk sac from the two model systems were
rinsed three times in nitrate-free Krebs Ringer bicarbonate buffer (KRBB; Sigma) and placed
into 96-well microplates containing 200 ul KRBB. The NOS substrate, L-arginine (200 pM;
Sigma), was added to all wells except for negative control wells, which contained the NOS
inhibitor, N-monomethyl-L-arginine (L-NMMA; 10 mM; Calbiochem, La Jolla, CA). To
assess whether Cu deficient embryos and yolk sacs respond differently to NOS agonists
compared to Cu adequate concepti, vascular endothelial growth factor (VEGF; 1 ug/ml, Santa
Cruz Biotechnology, Santa Cruz, CA), acetylcholine (1 mM; Sigma), and the calcium (Ca2*)
ionophore ionomycin (100 pM; Calbiochem) were added to subsets of wells. Plates were
incubated for 2 h at 37°C, followed by centrifugation (2,500 g, 10 min). Conditioned KRBB
supernates were collected and stored at —40°C until analyzed. Supernates (40 ul) were injected
onto an NO analyzer that employs ozone-chemiluminescence technology (Sievers Nitric Oxide
Analyzer 280i, Sievers Instruments, Boulder, CO). Using vanadium (I11) chloride (Alfa Aesar,
Ward Hill, MA) in hydrochloric acid as a reducing agent, total NO (nitrate + nitrite +
nitrosothiols) was measured at 95°C. Standard curves were generated by injections of known
concentrations of sodium nitrate (Sigma). Background NO levels (in KRBB alone) were
subtracted from NO detected in samples. NO concentrations are expressed as nmol NO/mg of
embryo or yolk sac protein.

Immunoprecipitation—Yolk sacs were collected from Cu+/Cu+ and Cu—/Cu— embryos
that had been cultured for 48 h as described above. The yolk sacs were homogenized with lysis
buffer supplemented with Complete Protease Inhibitor Cocktails (Roche Applied Science) and
phosphatase inhibitors. The lysates were centrifuged and the supernates were either used for
immunoprecipitation or resuspended in loading buffer for western blotting.

Free Radic Biol Med. Author manuscript; available in PMC 2008 April 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang etal.

Page 5

For inducible NOS (iNOS) immunoprecipitation, 1 mg protein of total yolk sac lysate in a
volume of 500 pl was precleared by incubation with 0.25 pg of control IgG (Santa Cruz
Biotechnology). 20 ul of GammaBind G Sepharose (Amersham Biosciences Corp.,
Piscataway, NJ) was added, and samples were incubated for 30 min at 4°C in a multitube
rotator. The samples were then centrifuged at 1000 g for 5 min at 4°C to pellet the Sepharose
beads. The supernate was transferred to a new microcentrifuge tube. 2 pg of rabbit anti-iNOS
primary antibody (BD Biosciences, San Diego, CA) was added to the supernate, and incubated
for 1 h at 4°C in a multitube rotator. 20 pl of GammaBind G Sepharose was added. Samples
were incubated overnight at 4°C in a multitube rotator, and then centrifuged at 1000 g for 5
min at 4°C to pellet the Sepharose beads. The supernate was carefully aspirated and discarded.
The pellet was washed four times by resuspension in lysis buffer, followed by centrifugation
and aspiration of the supernate. After the fourth wash, the pellet was resuspended in 40 pl of
1X electrophoresis sample buffer made by the addition of 1.0 ml glycerol, 0.5 ml B-
mercaptoethanol, 3.0 ml 10 % sodium dodecylsulfate (SDS), 1.25 ml Tris-HCI (pH 6.7), 2 mg
bromophenol blue, and 5.75 ml of distilled H,O. The samples were then boiled for 5 min prior
to loading for electrophoresis.

Western blot analysis—Embryo or yolk sac proteins were separated by electrophoresis on
5 % Tris-HCI SDS-polyacrylamide gels and transferred to polyvinylidene difluoride
membranes. Membranes were washed with Tris-buffered saline/Tween-20 (TBST; 50 mM
Tris-HCI (pH 7.5), 500 mM NaCl, and 0.05 % Tween 20), and blocked with 5 % non-fat milk
in TBST for 1 h atroom temperature. Membranes were incubated overnight at 4°C with primary
antibody for iINOS (BD Biosciences), eNOS (Santa Cruz Biotechnology), phospho-eNOS
(Ser-1177) (Cell Signaling Technology, Danvers, MA), and beta-actin (Sigma), washed, and
subsequently incubated with a secondary goat anti-rabbit or anti-mouse 1gG antibody
conjugated to horseradish peroxidase for 1 h (Promega, Madison, WI). Bands were detected
by chemiluminescence using the ECL detection reagent (Amersham Biosciences Corp.). The
bands were detected by chemiluminescence, scanned by a Chemidoc XRS gel scanner (Bio-
Rad, Hercules, CA) with a cooled 12-bit camera, and quantified by densitometry. Positive
controls included an iNOS positive control (Cayman, Ann Arbor, MlI) for iNOS and human
umbilical vein endothelial cells (HUVEC) induced with VEGF (Santa Cruz Biotechnology)
for eNOS and phospho-eNOS (Ser-1177). Levels of phosphorylated eNOS were normalized
to values for eNOS.

Study 2: Effects of NO donor supplementation to Cu deficient media on embryonic and yolk

sac vessel development—In a separate experiment, embryos were cultured in Cu adequate
media (18.82 + 0.24 uM Cu), Cu deficient media (2.42 £ 0.38 pM Cu), or Cu deficient media
supplemented with the NO donor DETA/NONOate (20 uM; Calbiochem) (2.10 £ 0.60 uM
Cu) to yield three treatment groups: Cu+/Cu+, Cu—/Cu—, or Cu—/Cu— + NO donor. After the
48 h culture period, embryos and yolk sacs were assessed as described above, and prepared for
determination of yolk sac vessel diameter and cGMP concentrations.

Yolk Sac Vessel Diameter—Yolk sac vascularisation was assessed by determination of
yolk sac vessel diameter distribution. Embryos and yolk sacs from the Cu+/Cu+, Cu—/Cu-—,
and Cu—/Cu— + NO donor groups were fixed overnight at 4°C in 4% paraformaldehyde in
phosphate buffered saline, dehydrated in a graded series of alcohol washes, cleared in toluene,
and embedded in paraffin. Using a microtome (8 um; ‘820" Spencer Microtome), transverse
serial sections were generated, collected on slides, and stained with hematoxylin and eosin as
previously described [36].

Yolk sac vessel diameters were measured in three separate slides per yolk sac using IP Lab
Spectrum (Scanalytics Inc., Fairfax, VA). Photographs of 20X magnification sections were
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collected with an Olympus DP 71 digital camera attached to an Olympus BX 51 microscope
(Olympus America Inc., San Diego, CA). The diameter of individual yolk sac vessel was
calculated with the IP Lab Spectrum program and the vessel diameters were distributed into
categories of 10 micron (um) intervals. The percentage distribution of vessel diameters in each
category was calculated, and then averaged to generate an average percentage vessel diameter
distribution for each treatment group.

cGMP concentrations—cGMP concentrations in embryos and yolk sacs from the Cu+/Cu
+, Cu—/Cu—, and Cu—/Cu—+ NO donor groups were determined using a 96-well cGMP enzyme
immunoassay (Assay Design, Ann Arbor, MI) according to the manufacturer’s instructions.
Embryos and yolk sacs were homogenized with lysis buffer supplemented with Complete
Protease Inhibitor Cocktails (Roche Applied Science) and sodium orthovanadate (Sigma).
After homogenization, samples were incubated on ice for 30 min and then centrifuged at 13,000
rpm for 15 min at 4°C to remove cellular debris. Tissue lysates were acetylated with a mixture
of acetic anhydride and triethylamine supplied by the manufacturer, and the absorbance was
determined at 405 nm. The cGMP concentrations were calculated from a standard curve of
known amounts of cGMP and are expressed as pmol cGMP/mg protein. The sensitivity of the
assay is 0.088 pmol/ml. All samples were assayed in duplicate.

Statistical analysis—All statistical analyses were performed using SPSS (Version 14.0).
Data are expressed as mean = SEM unless otherwise specified. In study 1, differences between
Cu adequate and Cu deficient groups were determined by t-tests. In study 2, statistical analysis
was performed using one-way ANOVA. The significance of observed differences among the
groups was evaluated with LSD post-hoc test. Differences in the incidence of anomalies
between groups were tested for statistical significance with chi-square tests. Values of p < 0.05
were considered statistically significant.

Maternal and media Cu deficiency adversely affects mouse embryonic and yolk sac vessel
development

The dietary regimen resulted in suboptimal maternal Cu status as assessed by low Cu
concentrations in Cu deficient vs. Cu adequate liver (55.5 £ 3.6 vs. 82.4 £ 5.00 nmol/g), kidney
(62.3+£4.8vs. 83.2 6.6 nmol/g), and plasma (1.8 + 0.3 vs. 10.8 £ 0.3 uM), respectively. Food
intake, weight gain and the number of implantation sites per dam were similar between the
groups (data not shown). The average number of resorptions per litter was higher in the Cu
deficient group (1.53 = 0.27) than in controls (0.29 + 0.11) (p < 0.001).

Somite number and crown-rump length were similar between the two groups indicating that
overall embryo growth was not adversely affected by Cu deficiency (Table 1). However,
developmental score (a quantitative assessment of growth and development of major organ
systems) was lower, and the incidence of developmental anomalies was markedly higher, in
the Cu deficient group compared to controls. The Cu deficient embryos displayed a variety of
heart (abnormal/swollen heart and pericardium effusion) and brain (forebrain hypoplasia,
microcephaly, hindbrain distension, and open anterior neuropore) anomalies. The percentage
of embryos with abnormal/swollen heart, forebrain hypoplasia, microcephaly, and open
anterior neuroporewas significantly higher in the Cu deficient group than controls (Table 1).

The incidence of yolk sac vessel anomalies was higher in the Cu deficient group (43.8 %)
compared to controls (13.4 %) (Table 1). The types of vessel anomalies ranged in severity from
less vascularization, thin or hemorrhagic blood vessels, the presence of blood pooling, blood
islands, and blebbing, to in a few cases, the absence of blood vessels.
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Cu deficiency increases oxidative stress and decreases NO concentrations

Cu is a required cofactor for the oxidant defence enzyme, Cu-Zn SOD, and a decrease in its
activity with Cu deficiency has been reported in rats. In mouse embryonic tissues, Cu deficiency
lowered SOD activities in embryos (1.24 + 0.13 Units/mg protein) and yolk sacs (4.31 + 0.83
Units/mg protein) compared to control embryos (4.57 + 0.61 Units/mg protein) and yolk sacs
(8.92 £ 1.49 Units/mg protein). Concomitantly, Cu deficient embryos and yolk sacs were also
characterized by higher O, concentrations (152.3 + 4.0 and 170.0 + 8.8 umol NBT reduced/
min/mg protein, respectively), compared to controls (54.5 + 1.7 and 63.7 £ 10.6 umol NBT
reduced/min/mg protein, respectively) indicating increased oxidative stress.

As one consequence of increased O,* concentrations can be a decrease in bioavailable NO,
we measured NO concentrations in conditioned media after 2 h incubation with NOS inhibitor
or agonists. The concentrations of NO, normalized to tissue protein, were markedly lower in
the conditioned media from Cu—/Cu— embryonic tissues (Figs. LA and 1B) compared to Cu+/
Cu+ tissues under basal conditions and when incubated in the presence of the calcium
ionophore, ionomycin. Cu—/Cu—embryos had lower NO concentrations when incubated in the
presence of VEGF (p=0.053) and acetylcholine (p=0.042), and Cu—/Cu— yolk sacs had lower
NO concentrations in the presence of VEGF (p=0.017) compared to their respective controls.
Addition of the NOS inhibitor, L-NMMA, resulted in low NO concentrations in all groups.

To complement the above in vitro data, Cu adequate and Cu deficient embryos and yolk sacs
were collected in vivo at GD 10.5, and NO concentrations in conditioned media were measured.
Under basal conditions, Cu deficient embryos tended to have lower NO than Cu adequate
embryos, while Cu deficient yolk sacs had significantly lower NO than Cu adequate yolk sacs
(Figs. 2A and 2B). Cu deficient embryos and yolk sacs taken in vivo were characterized by
lower levels of NO compared to controls when incubated in the presence of ionomycin. The
magnitude of the NO reduction in Cu deficient embryos and yolk sacs obtained in vivo was
comparable to that observed in Cu deficient tissues after 48 h of culture in vitro (Figs. 1A and
1B).

eNOS phosphorylation status is decreased with Cu deficiency

Oxidative stress such as that induced by hyperglycemia, can alter the protein expression of
iNOS and eNOS and increase the requirement for NO [14]. Results from immunoprecipitation
and western blotting show that iNOS protein was not detected in yolk sacs from either group
at this stage of development (Fig. 3A). The eNOS protein expression normalized to beta-actin
was similar between the two groups (Figs. 3B and 3D). As NOS activity can be affected by
multiple factors, we determined the extent of eNOS phosphorylation at serine 1177 using
western blot. Phospho-eNOS (Ser 1177) normalized to eNOS protein, was lower in Cu deficient
yolk sacs compared to controls (Figs. 3C and 3E).

Addition of an NO donor to Cu deficient embryo culture media ameliorates embryonic and
yolk sac vessel abnormalities

To assess whether the low NO was functionally significant, Cu deficient medium was
supplemented with the NO donor, DETA/NONOate. Exogenous NO administration
ameliorated yolk sac and embryo abnormalities such that the incidences were similar to control
levels (Table 2). The improvement was noted in developmental score as well as the incidences
of yolk sac, heart, and brain anomalies.

Vasculature development was assessed by determining the percentage distribution of yolk sac
vessel diameters (Fig. 4). In contrast to Cu+/Cu+ yolk sac vessels which had a peak (35.3%)
in the 20-30 pum range, vessel diameters in Cu—/Cu— yolk sacs were broadly distributed over
the 30-60 um range, indicating that Cu—/Cu— yolk sac vessels had enlarged vessel diameters
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compared to controls. NO donor supplementation to Cu deficient media resulted in similar
histograms of vessel diameter distribution as that of Cu+/Cu+ yolk sac vessels.

NO-mediated downstream signaling is altered with Cu deficiency

The cGMP concentrations in Cu—/Cu— embryos tended to be lower (43% decrease) than in Cu
+/Cu+ embryos (Fig. 5). Cu—/Cu— yolk sacs had significantly lower cGMP levels than Cu+/
Cu+ yolk sacs (p=0.022). Addition of the NO donor to the Cu deficient media increased cGMP
levels in the Cu—/Cu— embryos and yolk sacs, to levels that were similar to, or above, those of
controls.

Discussion

There was a high incidence of embryo and yolk sac anomalies in the Cu—/Cu— group compared
to the controls. Several mechanisms have been suggested to underlie the teratogenicity induced
by Cu deficiency including high oxidative/nitrosative stress, altered extracellular matrix
integrity, compromised energy production, and altered angiogenesis [39]. With regard to
oxidative/nitrosative stress, Cu deficiency can result in low Cu-Zn SOD activity, and high
0,7, in Cu deficient rat embryos [20] as well as in adult Cu deficient rats [40]; these effects
have not been documented in Cu deficient mouse embryos or yolk sacs. Our data show that
Cu deficient mouse embryos and yolk sacs were characterized by low SOD activities and high
05"~ levels, indicating similar species-dependent susceptibility to Cu deficiency-induced
oxidative stress. One consequence of increased O, levels is the formation of ONOO™ which
can decrease bioavailable NO and NO-dependent effects. With regard to the vasculature, it is
well established that oxidative stress from increased O,*", lipid peroxidation, oxidized
lipoproteins and ONOO™ can impair NO bioactivity, and that treatment with antioxidants
including SOD, glutathione peroxidase, ascorbic acid, glutathione, vitamin E and
tetrahydrobiopterin (BH,4) can improve endothelium—derived NO bioactivity [41-43].
Increasing evidence supports the concept that Cu deficiency can affect NO metabolism in
vessels. Schuschke and coworkers [32,33] reported that dietary Cu deficiency in male weanling
rats depressed NO-mediated vascular smooth muscle relaxation, which was restored with Cu-
Zn SOD addition. Similarly, other groups have reported that inhibition of Cu-Zn SOD by
dietary Cu restriction, or Cu chelation, attenuates vessel relaxation [40,44]. The dilation
response of cerebral arterioles to acetylcholine is reduced in heterozygous and homozygous
Cu-Zn SOD deficient mice compared to wild type mice [34] indicating the importance of
adequate SOD activity. Although these studies did not directly assess NO production, the
impaired endothelium-dependent relaxation, which is hypothesized to be mediated by NO,
implies that there is decreased NO bioavailability in Cu deficient vessels.

With regard to embryonic tissues, our data are the first to show that NO levels from Cu deficient
embryos and yolk sacs under stimulated and non-stimulated conditions, are lower compared
to control tissues. The finding that Cu deficient concepti have low NO levels in response to
acetylcholine or the Ca2* ionophore, ionomycin, support the finding by Schuschke and
coworkers that dietary Cu deficiency can significantly depress cellular Ca?* mobilization and
vasodilation to acetylcholine [45]. An important observation of the current paper is that the
effects of Cu deficiency on NO production were remarkably similar in Cu deficient embryos
collected and analyzed at GD 10.5, and Cu deficient embryos that had been explanted on GD
8.5 and cultured for 48 h in Cu deficient media and then analyzed. These data argue against
the idea that low NO production observed in the cultured embryos and yolk sacs might be an
artifact of the in vitro culture model. The above data also support the utility of the embryo
culture model as a system to study, in a well-defined manner, the effects of nutritional insults
on embryonic development.
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At this time, it is not clear whether the low NO levels in conditioned media from Cu deficient
tissues represent decreased NO production, increased NO consumption, or increased reuptake
of NO back into tissue. It is notable that NO levels in conditioned media, normalized to tissue
protein, were higher from yolk sacs compared to embryos. Several possibilities may explain
this phenomenon; 1) yolk sac may have more NO-producing capacity relative to total tissue
protein than embryo or 2) due to the relatively simple structure of the yolk sac (two-cell layers
at this stage of development), the NO produced from the yolk sac may be easily released and
accumulated in the media while some of the NO produced from the embryo may be trapped
internally.

During mouse yolk sac vascular development, there are different temporal and spatial patterns
of NOS isoform expression which suggests that each developmental stage requires appropriate
levels of NO [14]. eNOS and iNOS protein expression are inversely related from embryonic
day (E) 7.5 to E 9.5. eNOS protein is weakly expressed in the E 8 mesoderm, but strongly
expressed in the inner endothelial layer at the primary capillary plexus stage and through the
vessel maturation stage (E 9.5) [14]. In contrast, iNOS protein is highly expressed in E 8 yolk
sac endoderm, but is absent by the vessel maturation stage. In our study, iNOS was not detected
in the E 10.5-equivalent Cu adequate or deficient yolk sacs. While eNOS protein was expressed
in these tissues, there was no effect of Cu deficiency; a finding that has been observed in adult
vessels [45]. However, phosphorylation of eNOS at serine 1177 is decreased in Cu deficient
yolk sacs indicating that NOS activation may be impaired. eNOS phosphorylation at serine
1177 enhances electron flux through the reductase domain, and is a key factor affecting NOS
activity [46]. One suggested mechanism is a Cu deficiency-induced alteration in the activation
of kinases that phosphorylate eNOS at serine 1177 such as serine kinase Akt and protein kinase
A. Oxidative stress also inhibits NOS activation through caveolin-1 inhibition, altered eNOS
phosphorylation, or deficiency of BH4 which leads to eNOS uncoupling and further Oy
production [47,48]. As Cu deficiency is an oxidative stress condition, several of these
mechanisms could contribute to Cu deficiency-induced low NO availability and embryo/yolk
sac abnormalities. In addition, Schuschke et al. has shown that dietary Cu deficiency depresses
cellular Ca?* mobilization which may underlie the reduced vasodilation in response to
acetylcholine [45]. Moreover, a recent provocative paper reports that the cuproenzyme
ceruloplasmin (Cp) can function as a NO oxidase that converts NO to nitrite, a bioactive
endocrine form of NO [49]. Cu is a required cofactor for ceruloplasmin activity; it is unknown
whether a Cu deficiency-induced decrease in ceruloplasmin activity contributes to altered NO
metabolism. It is important to note that Cu status seems to modulate NO metabolism differently
depending on the tissue. In contrast to Cu deficient yolk sacs, hearts from Cu deficient adult
rats have increased expression of iINOS and eNOS and produce large amounts of NO [50,51]
which may contribute to Cu deficiency-induced cardiomyopathy and heart failure.

Given that Cu deficient embryos and yolk sacs have low available NO, we hypothesized that
modulating NO levels would improve Cu deficiency-induced teratogenicity. NO donor
addition to the Cu deficient culture media resulted in embryos with similar developmental score
as controls. Yolk sac vessel diameter distribution patterns, a marker of yolk sac vessel
development [36], showed that Cu deficient yolk sacs had a greater proportion of vessels with
enlarged vessel diameters compared to control yolk sacs, suggesting decreased sprouting
angiogenesis, impaired vessel integrity, or arrested vessel development. A similar shift to larger
diameter yolk sac vessels has been reported with another oxidative stress condition,
hyperglycemia [14]. In both Cu deficiency and hyperglycemia, NO donor supplementation to
the embryo culture media resulted in similar histograms as that observed in controls. It is
speculated that increased availability of NO helps to rescue Cu deficiency-induced
vasculopathy by stimulating angiogenic processes and by stabilizing vascular extracellular
matrix. Taken together, the data indicate that NO plays an important role in vessel size
determination and vascular organization.
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Importantly, exogenous NO also markedly reduced Cu deficiency-induced embryonic and yolk
sac anomalies. The extent of the effect of a NO donor on post-implantation embryonic
development differed depending on the type of tissues/organs examined. The most significant
effect of NO supplementation to Cu deficient media was on yolk sac development, reducing
the incidence of yolk sac anomalies to control levels. Heart anomalies were also markedly
reduced with exogenous NO while there was modest improvement in the incidence of brain
anomalies. These data support the hypothesis that Cu deficiency-induced alterations in NO
metabolism represent a significant developmental insult.

NO can act as a signaling molecule through the activation of soluble guanylyl cyclase (sGC)
and subsequent increase in cGMP production from GTP by sGC [1]. Our results show that Cu
deficient yolk sacs were characterized by low cGMP concentrations indicating altered NO-
mediated signaling. cGMP is involved in early embryonic development [52,53]. Treatment of
NOS inhibitor impairs the development of two-cell stage embryos, which is rescued by addition
of cGMP analogue [53]. We suggest that the increase in the NO pool that occurred in the Cu
deficient embryos as a consequence of the addition of the NO donor, resulted in improved
embryonic development through an upregulation of NO-dependent-cGMP signaling pathways.

Summary/Conclusions

Our data show that Cu deficient embryos and yolk sacs are characterized by a high incidence
of yolk sac and embryonic anomalies and altered NO metabolism. The reduction in NO levels
in Cu deficient embryonic and yolk sac tissues may be due, in part, to decreased eNOS
phosphorylation at serine 1177, as well as other factors including altered Ca?* mobilization
[45], and increased oxidation of the key NOS cofactor, BH,4 [54], all of which can negatively
impact NOS activity and lead to decreased NO production. In addition to low NO levels, SOD
activity is lower, and O," levels are higher in Cu deficient tissues, which can result in increased
ONOO™. Cu deficient tissues are characterized by elevated 3-NT levels, suggesting that the
already compromised NO pools in the Cu deficient embryo can be further reduced via
ONOO™ formation [19]. Thus, there are likely multiple mechanisms underlying the occurrence
of low NO pools in the Cu deficient embryo. Our data demonstrate that normal development
is driven by a complex balance of numerous reactive oxygen and nitrogen signaling molecules,
which become unbalanced in Cu deficiency or other oxidative stress conditions. Importantly,
the results obtained from the NO donor study provide strong evidence linking altered NO
metabolism and altered NO-mediated signaling with Cu deficiency teratogenicity.
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Figure 1.

Nitric oxide (NO) concentrations in conditioned medium after 2 h incubation of in vitro Cu
adequate (Cu+/Cu+) and Cu deficient (Cu—/Cu—) embryo (A) and yolk sac (B) in the presence
or absence of a NOS inhibitor (L-NMMA,; 10 mM), or NOS agonists (VEGF; 1 pg/ml,
acetylcholine (Ach); 1 mM, ionomycin; 100 uM). Values are expressed as mean + SEM (n=6-
10/group). * p < 0.05 versus Cu+/Cu+ controls.
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Figure 2.

Nitric oxide (NO) concentrations in conditioned medium after 2 h incubation of in vivo Cu
adequate (Cu+) or Cu deficient (Cu—) GD 10.5 embryo (A) and yolk sac (B) in the presence
or absence of a NOS inhibitor (L-NMMA; 10 mM), or the NOS agonist, ionomycin (100 uM).
Values are expressed as mean = SEM (n= 3/group). * p < 0.05 versus Cu+ controls.
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Figure 3.

iNOS, eNOS and phospho-eNOS (Ser 1177) protein expression. (A) Immunoprecipitation/
western blot shows no detectable iINOS protein in Cu adequate (Cu+/Cu+) or Cu deficient (Cu
—/Cu-) yolk sacs, only in iNOS positive control (PCijnos; murine recombinant iNOS). (B)
eNOS and beta-actin western blots in Cu+/Cu+ and Cu—/Cu— yolk sacs and positive control
(PCenos; HUVEC induced with VEGF). (C) Phospho-eNOS (Ser 1177) and eNOS western
blots in Cu+/Cu+ and Cu—/Cu~— yolk sacs and positive control (PCpenos; HUVEC induced
with VEGF). D) eNOS normalized to beta-actin was similar between the groups. Values are
mean = SEM (n= 6/group). E) Phospho-eNOS (Ser 1177) relative to eNOS expression is lower
in u—/Cu- yolk sacs. Values are mean = SEM (h=3/group). * p < 0.05 vs. Cu+/Cu+ controls.
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Figure 4.

Percentage distribution of vessel diameter in hematoxylin and eosin-stained yolk sacs from Cu
adequate (Cu+/Cu+), Cu deficient (Cu—/Cu—), and Cu deficient with NO donor
supplementation (Cu—/Cu— + NO donor) groups. Values are expressed as mean £ SEM (n=5/
group). Different letters within a parameter are significantly different at p < 0.05.
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cyclic GMP (cGMP) concentrations in Cu adequate (Cu+/Cu+), Cu deficient (Cu—/Cu—), and
Cu deficient with NO donor supplementation (Cu—/Cu—+ NO donor) embryos and yolk sacs.
Values are expressed as mean = SEM (n= 5-7/group). Different letters within a parameter are
significantly different at p < 0.05.
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Cu+/Cu+ Cu—/Cu—
Embryos examined (number) 262 292
Somite Pairs (number) 33.0+0.1 326+0.1
Crown-Rump length (mm) 45+0.0 45£0.1
Developmental Score 422+0.2 40.9 +0.3
Percentage of embryos with one or more embryo or yolk sac anomalies (%) 25.2 60.3"
Percentage of embryos with one or more yolk sac anomalies (%) 13.4 438"
Abnormal vascularization (%) 10.3 336"
Blood pooling (%) 4.2 14.4°
Blood islands (%) 5.0 8.2
Percentage of embryos with one or more heart anomalies (%) 9.2 127
Abnormal/swollen heart (%) 2.7 8.6
Pericardium effusion (%) 6.5 6.8,
Percentage of embryos with one or more brain anomalies (%) 12.6 35.6
Forebrain hypoplasia (%) 2.3 123"
Microcephaly (%) 2.7 13.0°
Hindbrain distension (%) 53 8.9
Open anterior neuropore (%) 15 6.2

GD 8.5 Cu adequate embryos were cultured for 48 h in Cu adequate medium (Cu+/Cu+) and GD 8.5 Cu deficient embryos were cultured for 48 h in Cu

deficient medium (Cu—/Cu-). Values are expressed as mean + SEM or as percentage of embryos with the specified anomaly.

*

p < 0.05 versus Cu+/Cu+ controls.
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Effects of NO donor supplementation to Cu deficient media on in vitro embryo and yolk sac development

Cu+/Cu+ Cu—/Cu— Cu—/Cu—+ NO donor
Embryos examined (number) 86 36 33
Somite Pairs (number) 323+0.1 32.0+0.2 32.1+0.1
Crown-Rump length (mm) 44+0.0 43+0.1 44+0.0
Developmental Score 41.9+0.42 39.8+0.9° 423032
Percentage of embryos with one or more embryo or yolk sac 24.42 77.8° 36.4°
anomalies (%)
Percentage of embryos with one or more yolk sac anomalies 14.0°7 63.9° 15.22
(%)
Abnormal vascularization (%) 12.8° 58.3° 15.2°
Blood pooling (%) 9.3% 36.1° 12.12
Blood islands (%) 35% 25.0° 0°
Percentage of embryos with one or more heart anomalies (%) 4.7 22.2° 3.0°
Abnormal/swollen heart (%) 0? 8.3° gb
Pericardium effusion (%) 470 16.7° 3.0%
Percentage of embryos with one or more brain anomalies (%) 10.5° 1.7° 21.2%
Forebrain hypoplasia (%) 1.2 2.8 3.0
Microcephaly (%) 23 8.3 3.0
Hindbrain distension (%) 4.7 111 9.1
Open anterior neuropore (%) 1.2% 13.9° 3.0%

Gestation day (GD) 8.5 Cu adequate embryos were cultured for 48 h in Cu adequate media (Cu+/Cu+) and GD 8.5 Cu deficient embryos were cultured
for 48 hin Cu deficient media (Cu—/Cu-), or in Cu deficient media supplemented with NO donor (Cu—/Cu—+ NO donor). VValues with different superscripts

within a parameter are significantly different at p < 0.05
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