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Abstract
Background: Silver nanoparticles (AgNPs) act as antimicrobials by releasing
monovalent silver (Ag+) and are increasingly used in consumer products, thus elevating
exposures in human and environmental populations. Materials and Methods: We
evaluated Ag+ in a standard model of neuronal cell replication and differentiation, and
then determined whether there were similar effects of the ion in vivo using zebrafish.
Next, we compared Ag+ and AgNP exposures in the same two models and incorporated
the effects of particle coating, size and composition. Conclusions: This work is the first
to show that both Ag+ and AgNPs are developmental neurotoxicants in vitro and in
vivo. Moreover, although both the soluble ion and the particles impair measures of
neurodevelopment, the outcomes and underlying mechanisms of each toxicant are often
wholly distinct. Superimposed on the dichotomies between Ag+ and AgNP exposures
are clear effects of particle coating, size and composition that will necessitate evaluation
of individual AgNP types when considering potential environmental and human health
effects. The results presented here provide hazard identification that can help isolate the
models and endpoints necessary for developing a risk assessment framework for the
growing use of AgNPs.
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Summary
Background: Silver exposures in human and environmental populations are
rising due to the increasing use of silver nanoparticles (AgNPs) in consumer products as
antibacterials that release monovalent silver (Ag+). Silver ion exerts it antimicrobial
effects by inhibiting cell replication, augmenting oxidative stress and impairing protein
function, all of which are mechanisms of known developmental neurotoxicants. This is
especially relevant in light of the fact that Ag+ crosses the placental barrier and
accumulates in fetal tissues, pointing to the likelihood of developmental neurotoxicity
with elevated Ag+ and AgNP exposure. Indeed, at high concentrations Ag+ is associated
with adult neurotoxicity, and is overtly toxic to developing animals; however, it is not
clear whether lower concentrations have specific effects on neurodevelopment.
Similarly, AgNPs impair many of the same cellular mechanisms, reach systemic
circulation to accumulate in mammalian tissues, and evoke frank toxicity in aquatic
animals. Here again though the effects of concentrations below those that elicit gross
effects on survival or development are unclear.
The ability of Ag+ and AgNP to reach the developing brain, coupled with their
effects on cell function and gross development, suggests that they are developmental
neurotoxicants. To test this hypothesis we pursued two specific aims: 1) To investigate
whether Ag+ is a developmental neurotoxicant in cell and zebrafish models, and 2) To establish
how AgNPs affect neurodevelopment in comparison to Ag+ in the same models. In each of these
aims we first examined effects on mechanisms critical to neurodevelopment in a
standard in vitro neuronal cell model, PC12 cells. We then evaluated whether these
mechanistic changes were indicative of alterations in neurobehavior in vivo. As detailed
below, our findings show that both Ag+ and AgNPs are likely developmental
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neurotoxicants, and as such the expanding commercial use of AgNPs needs to be
carefully considered in light of potential effects on human and environmental
populations.
Monovalent silver impairs mechanisms of neuronal development. As discussed,
the biological effects of silver largely entail the actions of Ag+, so we first used
neuronotypic PC12 cells to evaluate the potential for Ag+ to act as a developmental
neurotoxicant, using chlorpyrifos, a pesticide known to evoke developmental
neurotoxicity, as a positive control comparison. In undifferentiated cells, a 1h exposure
to 10 µM Ag+ inhibited DNA synthesis more potently than 50 µM chlorpyrifos; it also
impaired protein synthesis, but to a lesser extent than its effect on DNA synthesis,
indicating a preferential effect on cell replication. Longer exposures led to oxidative
stress, loss of viability and reduced numbers of cells. With the onset of cell
differentiation, exposure to 10 µM Ag+ evoked even greater inhibition of DNA synthesis
and more oxidative stress, selectively impaired neurite formation without suppressing
overall cell growth, and preferentially suppressed development into the acetylcholine
phenotype in favor of the dopamine phenotype. Lowering the exposure to 1 µM Ag+
reduced the net effect on undifferentiated cells. In differentiating cells, however, the
lower concentration produced an entirely different pattern, enhancing cell numbers by
suppressing ongoing cell death and impairing differentiation in parallel for both
neurotransmitter phenotypes. Our results thus show that Ag+ has the potential to evoke
developmental neurotoxicity even more potently than known neurotoxicants like
chlorpyrifos, and that the spectrum of Ag+ effects is likely to be substantially different at
lower exposures that do not show signs of outright toxicity. As such, it became critical
to investigate whether there were neurobehavioral changes due to Ag+ in vivo.
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Disruption of neurodevelopmental mechanisms by Ag+ was indicative of
neurobehavioral effects in vivo. Our in vitro findings suggested that we needed to
evaluate whether Ag+ impairs development in vivo; as such, we examined the effects of
exposure on survival, morphology, and behavioral parameters in zebrafish embryos and
larvae. To do this we exposed zebrafish from 0-5 days post-fertilization to
concentrations of Ag+ ranging from 10 nM to 100 µM in order to assess effects on
survival and early embryonic development. We then tested whether concentrations
below the threshold for dysmorphology altered larval behavior and subsequent
survival. At concentrations ≥3 µM, Ag+ significantly reduced embryonic survival,
whereas 1 µM delayed hatching with no effect on survival. Reducing the concentration
to as low as 0.1 µM delayed inflation of the swim bladder without causing gross
dysmorphology or affecting hatching. At this concentration, swimming activity was
impaired, an effect that persisted past the point where swim bladder inflation became
normal; in contrast, fish moved spontaneously or responded to touch in a similar
manner to controls, thus demonstrating that there were no detectable effects on their
ability to move. Additionally, the early behavioral impairment predicted subsequent
mortality, with a faster rate of normal attrition and lower overall survival with
increasing concentrations. These findings show that Ag+ is a developmental toxicant
within concentrations only slightly above allowable levels. At low concentrations, Ag+
acts as a neurobehavioral toxicant even in the absence of dysmorphology; as such, we
next examined whether these early alterations were indicative of long-term neurological
effects.
Early neurobehavioral effects preceded lasting changes in adult neurochemistry
and behavior. In light of our findings in larvae, we evaluated the long-term
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neurochemical and behavioral effects of embryonic Ag+ exposure in zebrafish at
concentrations that had no overt effects on morphological development. Exposure to
0.03 or 0.1 µM Ag+ during the first five days post-fertilization caused no long-term
effects on survival, while 0.3 µM Ag+ increased mortality by adulthood. Nevertheless,
each concentration elevated dopamine and/or serotonin turnover in the adult zebrafish
brain without affecting basal neurotransmitter levels. Consistent with these synaptic
effects, Ag+-exposed fish showed a faster acquisition of avoidance behavior in a threechamber test apparatus, without any change in response latency or overall swimming
ability. Our results indicated that Ag+ is a developmental neurotoxicant that causes
persistent neurobehavioral effects, clearly indicating the need to examine Ag+ versus
AgNP exposures to evaluate whether there were similar effects from the particles.
Both Ag+ and AgNPs disrupt mechanisms of neuronal development, but they do
so in distinct ways. To determine whether Ag+ and AgNPs produced similar changes
on neuronal cell development, we next compared Ag+ and AgNP effects in PC12 cells.
We focused on cellular functions critical for proper neurodevelopment, including
replication, oxidative stress, cell viability and differentiation. First, we compared citratecoated AgNPs (AgNP-C) with Ag+, and then assessed the roles of particle size, coating
and composition by comparing AgNP-C to two different sizes of polyvinylpyrrolidonecoated AgNPs (AgNP-PVP) or silica nanoparticles. We found that in undifferentiated
cells, AgNP-C impaired DNA synthesis but to a lesser extent than an equivalent nominal
concentration of Ag+, whereas AgNP-C and Ag+ were equally effective against protein
synthesis. Unlike with Ag+, there was little or no oxidative stress or loss of viability due
to AgNP-C. In contrast, in differentiating cells, AgNP-C evoked robust oxidative stress
and impaired differentiation into the acetylcholine phenotype. Although the effects of
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AgNP-PVP showed similarities to those of AgNP-C, there were also significant
differences in potencies and differentiation outcomes that depended both on particle
size and coating. None of the effects reflected simple physical attributes of
nanoparticles, separate from composition or coating, since equivalent concentrations of
silica nanoparticles had no detectable effects. As such, we found that AgNP exposure
impairs neurodevelopment in PC12 cells. Further, AgNP effects are distinct from those
of Ag+ alone and depend on size and coating, thus indicating that AgNP effects are not
due simply to the release of Ag+ into the surrounding environment.
Similar to our in vitro findings, both Ag+ and AgNPs disrupt development and
neurobehavior in vivo, but with different outcomes and underlying mechanisms. Our in
vitro work indicated that AgNPs are likely developmental neurotoxicants with actions
distinct from those of Ag+. To establish whether these similarities and differences
occurred in vivo, we exposed developing zebrafish (Danio rerio) to Ag+ or AgNPs on
days 0-5 post-fertilization and evaluated hatching, teratology, survival, and swim
bladder inflation. Larval swimming behavior and responses to different lighting
conditions were assessed 24 hr after the termination of exposure. Comparisons were
made with AgNPs of different sizes and coatings: 10 nm AgNP-C, and 10 or 50 nm AgPVPs. Ag+ and AgNP-C delayed hatching to a similar extent but Ag+ was more effective
in slowing swim bladder inflation, and elicited greater dysmorphology and mortality.
In behavioral assessments, Ag+ exposed fish were hyperresponsive to light changes,
whereas AgNP-C exposed fish showed normal responses. Neither of the AgNP-PVPs
affected survival or morphology but both evoked significant changes in swimming
responses to light in ways that were distinct from Ag+ and each other. The smaller
AgNP-PVP caused overall hypoactivity whereas the larger caused hyperactivity. In
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turn, we found that AgNPs are less potent toxicants than Ag+ with respect to
dysmorphology and loss of viability, but nevertheless produce neurobehavioral effects
that highly depend on particle coating and size, rather than just reflecting the release of
Ag+. Different AgNP formulations are thus likely to produce distinct patterns of
developmental neurotoxicity.
Conclusions: Together, our findings clearly show that Ag+ and AgNPs are
developmental neurotoxicants in vitro and in vivo. Underlying this statement are two
important considerations: First, the mechanisms and outcomes on neurodevelopment
are distinct for Ag+ versus AgNPs, and second, these differences are further influenced
by characteristics of the particles such as coating and size. In the context of human and
environmental health this means that neurodevelopmental outcomes will likely vary
based on the relative concentration of Ag+ and AgNPs, which relies in part on the AgNP
formulation. In turn, the continued incorporation of a variety AgNPs types into
commercial products necessitates the evaluation of individual AgNPs for
neurodevelopmental effects in human and environmental populations. The results
presented here provide hazard identification that can help isolate the models and
endpoints necessary for developing a risk assessment framework for the growing use of
AgNPs.
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1. Introduction
Silver nanoparticles (AgNPs) release monovalent silver ion (Ag+) to produce an
antimicrobial effect, and thus are increasingly appearing in consumer products
(Wijnhoven et al. 2009). The expansion of AgNP use in commercial products inherently
elevates exposure in environmental species and humans, thus creating a concern for the
effects of Ag+ and AgNPs in these populations. As discussed below, there are several
reasons to suspect that greater exposure to Ag+ and AgNPs will have detrimental effects
in both populations, particularly related to neurodevelopment. Although
developmental neurotoxicity is broadly defined as the impairment of establishing the
components and connections necessary for a functional brain, we use cellular functions
critical for brain development and behavioral measures indicative of proper execution of
these functions as measures for developmental neurotoxicity throughout this work.
AgNP use changes historical Ag+ exposure in humans. Prior to the incorporation
of AgNPs into commercial products, the general population encountered silver at low
levels in food and water supplies (Agency for Toxic Substances and Disease Registry
1999). High exposures to this heavy metal were thus restricted to occupational use and
prolonged application of medicinal products that contain silver (Lansdown 2007;
Quadros and Marr 2010). The most common result of excessive Ag+ exposure is
Argyria, a condition characterized by gray discoloration of the skin due to its
accumulation in blood and soft tissues (Lansdown 2007). Argyria is a ready
demonstration of the systemic distribution and persistence of Ag+, and in fact, upon
reaching circulation it accumulates in the brain in as well, with reports of neurotoxicity
at high exposure levels (Lansdown 2007). Although lower concentrations of Ag+ appear
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to elicit little effect in adults, as discussed below there are several reasons to expect
augmented toxicity during development.
A number of factors increase susceptibility to Ag+ toxicity during development.
First of all, heavy metals in general are increasingly recognized as developmental
neurotoxins that impair learning, memory and behavior due to low-level exposures
early in life (Castoldi et al. 2001; Cecil et al. 2008; Erikson et al. 2007; Wright et al. 2008).
Concern surrounding heavy metal exposure during development arose for metals such
as lead, mercury, and manganese after their use in industry or consumer products
increased their relative abundance in the day-to-day lives of the general population
(Myers et al. 1997), much like the explosion of AgNP use is expanding Ag+ exposure.
Silver in particular poses a potential threat to the developing brain for the
following reasons. First, silver penetrates the placental barrier and accumulates in the
fetus, achieving tissue concentrations of 20 ppb (0.2 µM), much higher than those in the
mother, with persistence through the first postnatal year (Lyon et al. 2002). Second, the
antimicrobial activity of Ag+ at low-micromolar concentrations relies on its ability to
inhibit DNA synthesis, degrade protein function and evoke oxidative stress (Feng et al.
2000; Le Pape et al. 2004), the same targets shared by many developmental
neurotoxicants (Boyes 2001; Grandjean and Landrigan 2006; Slotkin 2005; Slotkin et al.
2007b). Further, in mammalian cells Ag+ interferes with cellular energy usage,
intracellular signaling and Ca2+ homeostasis, mechanisms which are largely shared by
other heavy metals in the developing nervous system (Almofti et al. 2003; Castoldi et al.
2001; Chappell and Greville 1954; Lidsky and Schneider 2003; Nathanson and Bloom
1976; Tupling and Green 2002). Indeed, the developing brain may provide an
environment especially conducive to Ag+ toxicity because of its higher oxygen
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consumption and unique membrane lipid composition, increased metabolic demand
associated with growth, lower reserves of protective enzymes and antioxidants, and low
concentrations of glia, which in the adult brain protect neurons by scavenging reactive
oxidative species (Bondy and Campbell 2005; Gupta 2004; Tanaka et al. 1999). This
vulnerability, when combined with the developing brain’s need for carefullycoordinated spatiotemporal assembly of complex structures, thus enhances the
likelihood that disruption of cell replication and/or differentiation by Ag+ may lead to
adverse neurobehavioral consequences (Bondy and Campbell 2005; Grandjean and
Landrigan 2006).
Previous work evaluating Ag+ demonstrates the need for studies below levels of
overt toxicity. Few studies have appeared on the developmental neurotoxicity of silver.
In adult rodents, acute exposure to high levels of silver failed to elicit oxidative stress in
the brain, but chronic exposures produced signs of neuronal damage and hypoactivity
(Rungby 1990; Rungby and Danscher 1984); comparable studies of developmental
exposures have not been done. As expected from findings in human fetal tissues, silver
administration to pregnant rats leads to accumulation in the brain of the offspring
(Rungby and Danscher 1983); direct administration of silver salts to neonatal rats results
in damage to particularly vulnerable areas of the brain, such as the hippocampus, but it
is not clear if these represent direct effects of silver on neurodevelopment or secondary
effects reflecting systemic toxicity (Rungby et al. 1987). As discussed in Chapters 2-4, the
current work extends these findings to show clear impairment of neurodevelopmental
mechanisms and outcomes in vitro and in vivo. Importantly, our in vivo evaluations
served as a model of both mammalian toxicity and the effects of Ag+ in environmental
populations, which as discussed below is another critical concern with AgNP use.
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The chemistry of Ag+ historically mitigated exposure in environmental
populations. As in humans, high Ag+ exposures in the environment typically occurred
in areas around industrial use of the metal, such as photography production, mining or
combustion (Quadros and Marr 2010). However, the effects of even these elevated Ag+
levels were minimized due to its high affinity for sulfide and chloride ions in addition to
its ready absorption onto organic matter, thus reducing its bioavailability in the
environment (Wijnhoven et al. 2009). The particular form of silver thus depends on the
environmental surroundings, where oxidizing conditions promote formation of silver
bromides, chlorides and iodides while reducing conditions facilitate formation of Ag+
and silver sulfide (Wijnhoven et al. 2009). Although the chemical form of Ag+ influences
its toxicity in environmental organisms, even at low concentrations it bioaccumlates in
aquatic species and the freely-dissolved ion is acutely toxic to several of them, including
adult fish (Wijnhoven et al. 2009). In Chapters 3 and 4 we extend this body of
knowledge to show impaired neurodevelopment at concentrations below those known
to affect adult fish. Given these findings, it became critical to assess how Ag+ exposure
compares to AgNP exposures, and thus we next turned our attention to AgNPs.
AgNPs are inherently unique from other forms of silver. Silver nanoparticles are
composed of Ag atoms that are released as Ag+ when the surface of the particle is
oxidized (Blaser et al. 2008). As such, an initial prediction is that AgNPs produce effects
similar to Ag+, albeit with lesser potency since the bulk of the metal is contained within
the particles; yet, as discussed below, a number of AgNP characteristics suggests that
they are wholly different from larger forms of the metal and the freely-dissolved ion.
Nanoparticles as a class are defined as structures with at least one dimension between 1
and 100 nanometers, which can be achieved through a variety of synthesis methods
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(Wijnhoven et al. 2009). In the case of AgNPs, commonly used synthesis processes
include spark discharging, electrochemical reduction or irradiating solutions of Ag salts,
although other methods are being developed (Chen and Schluesener 2008; Kumar et al.
2008) (Figure 1). These particles then contain 15 to 20,000 silver atoms in the shape of
spheres, rods or a number of other configurations (Wijnhoven et al. 2009). Atop the
outer layer of Ag atoms is generally a coating to promote stability and dispensability
through a surface charge (Chen and Schluesener 2008). This surface charge contributes
to the zeta potential of the particle, which describes the distribution of charges in the
immediate area around the particle in a solution with a particular ionic strength; as will
be discussed, this overall charge is an important determinant of particle behavior (El
Badawy et al. 2010; Powers et al. 2006). Beyond zeta potential, the particle coating
material influences particle interactions based on the basic characteristics of the material
used. In general, coatings fall into two categories: electrostatic stabilizers, which use
charge to repel other particles and steric stabilizers which physically prevent particles
from coalescing (El Badawy et al. 2010). For AgNPs, citrate is an often-used capping
agent in the former category, while steric stabilizers are generally polymers (El Badawy
et al. 2010). Notably, the ability to select the particle coating, size and synthesis method
results in a large arrray of AgNP types available. As discussed below these
characteristics have a significant impact on particle behavior, and in turn outcomes of
AgNP exposure.
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Figure 1: AgNP Synthesis using chemical reduction method.
In this example of AgNP synthesis using the chemical
reduction method NaBH4 is added to a solution of AgNO3
and serves as the reducing agent, while Na citrate is added to
provide stabilization of particles in suspension. As the Ag+
from AgNO3 is reduced to Ag0 the atoms condense to form
particles. The outer layer of atoms has a positive charge that
attracts the citrate moiety, thereby coating the particle and
preventing aggregation via electrostatic interactions.
The combination of surface charge, shape and a large number of Ag atoms
confined to a small space means that AgNPs as a whole are naturally distinct from the
bulk metal (micro, as opposed to nano-size), or the soluble ion. The smaller size of
AgNPs compared to the bulk metal, such as the silver in antibacterial creams, increases
the surface area-to-volume ratio of these materials, and in turn leads to greater
interaction of the surface with the surrounding medium (Wijnhoven et al. 2009). As
discussed above, oxidation of AgNPs releases Ag+, and thus the small size of AgNPs
compared to bulk metal enhances delivery of the ion compared to larger forms of metal
(Wijnhoven et al. 2009). Further, AgNPs reach systemic distribution and evoke cell
death to a greater extent than micro-sized Ag (Tang et al. 2009; Wei et al. 2010). All of
which suggests that AgNP exposure will elicit outcomes unique from historical
exposures to micro-size Ag.
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Beyond differences between AgNPs and the bulk metal, nanoparticles differ
from Ag+ in solution as well. First, in contrast to solutions of the soluble ion, in
suspensions of AgNPs the majority of the metal is contained within the particles, and
thus freely-dissolved ion levels are relatively low (Meyer et al. 2010). Second, AgNP
toxicity in bacterial cells cannot be explained by release of Ag+ alone, indicating that
properties intrinsic to the particles influence their effects (Quadros and Marr 2010).
Finally, AgNPs have macroscale physical characteristics (e.g. core composition, size and
surface coating) that soluble chemicals do not posses, and which ultimately influence the
distribution of particles within the body or the environment (Li and Huang 2008;
Quadros and Marr 2010; Teeguarden et al. 2007). Unlike Ag+ then, which enters and
accumulates in cells or tissues based on extrinsic factors such as pH, ion content and
receptor sites, AgNP access to the same areas is highly influenced by characteristics
intrinsic to the particle like size and surface charge. Notably, these characteristics can
change over the period of exposure as particles settle, aggregate, or diffuse (Teeguarden
et al. 2007). This creates a dynamic exposure paradigm with particles that is not seen
with soluble chemicals. Whereas the effects of soluble chemicals are predictable based
on characteristics such as distribution within the body, uptake into cells, or metabolism,
these factors are in constant flux with nanoparticle exposures as individual particles
interact with not only other particles but also the surrounding medium, ultimately
resulting in particles with different sizes or surface charge than at the start of exposure
(Teeguarden et al. 2007).
Importantly, since these characteristics vary between types of AgNPs, particle
behavior is different for individual types of AgNPs. For instance, particle distribution in
the body is influenced by size: larger metal nanoparticles generally accumulate in
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tissues or cells, whereas smaller particles are more likely to remain in circulation or be
excreted (Johnston et al. 2010). Further, smaller particles have a larger surface-tovolume ratio, and thus a greater percentage of atoms are on the particle surface, which
facilitates release of Ag+ and ultimately results in greater concentrations of the ion from
smaller particles (Figure 2) (Quadros and Marr 2010). Similarly, particle surface charge
influences the absorption of proteins or other macromolecules with their own charge
onto the particle (Powers et al. 2006); this is particularly relevant since proteins on the
particle surface help mediate nanoparticle uptake into cells, and as such the amount of
protein absorption on particles also determines the intracellular concentration of
particles (Johnston et al. 2010). Given the influence of physicochemical characteristics on
particle behavior, and the fact that there is currently a wide variety of AgNPs
commercially available with different coatings and sizes, work investigating
neurodevelopmental effects of AgNPs needs to incorporate these parameters into the
experimental design by comparing a number of AgNPs types, as will be demonstrated
in our studies below. Although the wide variety of AgNP types in production presents
a dilemma for toxicity, as discussed below, it facilitates their use in a wide-range of
products.
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Figure 2: Smaller particles have a greater surface area to volume ratio compared to
larger particles.
Smaller particles inherently have a higher percentage of atoms on the
particle surface compared to larger particles, thereby increasing the surface area
to volume ratio. In the case of AgNPs, this means that smaller particles release
more Ag+ due to greater interaction between the particle surface and the
surrounding medium, which facilitates ion release. Black denotes the percentage
of the particle that is on the surface while gray represents the remaining volume.
Figure adapted from (Quadros and Marr 2010)
Commercial AgNP use expands exposure due to incorporation in consumer goods
across a wide-array of economic sectors. Historically, AgNPs existed in the
environment as by-products from mining other heavy metals, combustion processes,
and cloud seeding (Quadros and Marr 2010). However, the ability to engineer AgNPs
with tailored sizes, coatings and shapes invites their use in consumer and medical
products, thus shifting the exposure paradigm from one concentrated in specific areas to
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one where AgNPs are present in the everyday lives of human and environmental
populations. The benefits of AgNP use are clear: they provide antimicrobial activity,
and therefore extend shelf life, ward off odors, and mitigate human exposure to
pathogens (Chen and Schluesener 2008). Consequently, AgNP use is one of the most
rapidly growing areas of nanotechnology, making it the type of nanomaterial most
readily available to society today (Chen and Schluesener 2008; Wijnhoven et al. 2009).
This expansive growth will almost certainly continue, with production of AgNPproducts increasing through at least 2015 (Blaser et al. 2008). Products incorporating
AgNPs include consumer goods such as plastic food containers or clothing, electronics
like washing machines and cell phones, household goods like paint or disinfectant
sprays, and medical devices such as catheters (Kumar et al. 2008; Wijnhoven et al. 2009)).
Moreover, these products contain between <6 to 10,000 parts per million (0.06 µM to 10.8
mM) AgNPs, and the amount of silver, either as Ag+ or AgNPs, released from products
depends heavily on how the nanoparticles are incorporated within the product, and to
some extent the concentration of AgNPs originally used (Benn and Westerhoff 2008;
Kulthong et al. 2010). As such, AgNP exposure varies greatly with the types of products
that individuals or environmental populations encounter. Although the outcomes of
such exposures are unclear due to the lack of specific information on AgNP
concentrations, sizes and formulation in products, as discussed below, a number of
studies have started documenting how AgNPs translocate and accumulate within the
body or the environment.
Human exposure to AgNPs will likely lead to systemic distribution and
accumulation in soft tissues. The diversity of products utilizing AgNPs clearly
demonstrates that there are a variety of possible exposure routes for these antimicrobial
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agents (Figure 3). Inhalation of cleaning products using AgNPs, dermal contact with
fabrics including AgNPs, and ingestion of food or supplements with AgNPs represent a
few maternal exposure scenarios. For children exposure might occur through inhalation
of an AgNP room disinfectant spray, dermal contact with cleaning products on
furniture, or gumming toys with AgNPs incorporated in them. Regardless of whether
exposure is dermal, oral or respiratory, rodent studies show that Ag from AgNPs enters
systemic circulation and accumulates in a number of tissues, including the brain (Figure
3) (Johnston et al. 2010; Wijnhoven et al. 2009). Though human data are rare at this
point, AgNPs clearly penetrate damaged skin to achieve relatively high levels in the
blood (107 µg/kg, ~1 µM), and initial work in vitro demonstrate that they pass through
intact human skin as well (Larese et al. 2009; Trop et al. 2006). In the context of
developmental neurotoxicity, this means that the use of AgNPs in children’s products
will almost certainly result in Ag+ in the bloodstream and hence the developing brain
given the likelihood of Ag accumulating in the brain from AgNPs (Kim et al. 2008).
Further, it is highly probable that AgNPs cross the placental membrane, leading to
exposure during the earliest periods of brain maturation if a mother uses products
containing AgNPs (Ema et al. 2010; Wick et al. 2010). This is particularly relevant since
females retain greater concentrations of metal oxide in nanoparticle form than as larger
sized particles after dermal exposure, similar to findings with AgNPs in rodents (Gulson
et al. 2010; Tang et al. 2009). Further, females ultimately have higher blood levels of
metal than males after dermal exposure to metal oxide nanoparticles, and they
accumulate greater Ag concentrations from dental amalgams (Drasch et al. 1995). All of
which highly suggests that products incorporating AgNPs will particularly elevate Ag+
blood levels in females, and in turn the developing fetus.
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Figure 3: Exposure, Absorption, Distribution and Excretion of AgNPs.
Use of products that include AgNPs leads to a number of
possible exposure routes and subsequent absorption, distribution and
excretion of silver. Exposures particularly relevant to the fetus and
children are denoted in orange. Note metabolism is not depicted
because no there is no known mechanism for AgNP metabolism.
Figure adapted from (Wijnhoven et al. 2009).
Upon reaching blood circulation, distribution within the body will likely vary
with particle size and exposure route (Johnston et al. 2010). In rodents, smaller particles
(≤50 nm) generally achieve a more widespread distribution, since larger particles (≥50
nm) persist longer in the area of exposure or accumulate in the liver and spleen, making
it likely that they are taken up more readily by macrophages once they enter circulation
(Johnston et al. 2010). Across exposure routes and particle sizes though, AgNPs
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preferentially accumulate in the rodent liver (Johnston et al. 2010). Whether metabolism
of AgNPs occurs in the liver remains to be determined, but metallothioneins in the liver
readily bind Ag+, and thus may represent a significant factor in detoxifying AgNPs as
well (Lansdown 2007). Importantly, a lower cytoplasmic concentration of
metallothioneins during development versus adulthood, combined with immature liver
function indicates that clearance of AgNPs will be lower in the fetus (Bondy and
Campbell 2005; Panemangalore et al. 1983). With less clearance, AgNPs are more likely
to reach the developing brain, which also lacks metallothenin concentrations comparable
to adults, a characteristic known to contribute to the susceptibility of the developing
brain to heavy metal exposure (Choudhuri et al. 1996).
Previous work suggests AgNPs will augment cell death and oxidative stress, and
ultimately impair neuronal function in the developing brain. Though the body of work
below is the first to examine functional effects of AgNPs on neurodevelopment,
previous investigations provide insight into mechanisms of AgNPs that are likely to
occur across cell types and would particularly harm the developing brain. First, AgNPs
altered genes important for neuronal function in adult rodents, showing changes in vivo
at a stage much less vulnerable to toxicant exposure (Rahman et al. 2009). Similar
findings with other metal nanoparticles in developing animals suggest that AgNPs will
influence gene expression during neurodevelopment, and could ultimately have long
term effects on cell number, oxidative stress response and neurotransmitter signaling in
the developing brain (Shimizu et al. 2009). This conclusion is bolstered by in vitro
studies with other cell types showing that AgNPs augment levels of cell death and
oxidative stress while impairing cell replication, membrane structure and ion
homeostatsis (Johnston et al. 2010; Wijnhoven et al. 2009). Importantly, the
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physicochemical characteristics of AgNPs likely influence these effects, as shown by the
exacerbation of oxidative stress in red blood cells exposed Ag+ when Ag particles were
coated with citrate (Garner et al. 1994). As such, evaluations of developmental
neurotoxicity due to AgNP exposure need to compare several types of AgNPs to
incorporate different physiochemical characteristics. Of course, as discussed below,
considerations of neurodevelopmental effects from AgNPs will need to encompass
environmental species as well given the greater exposure in these populations.
Rising AgNP use elevates exposure in environmental populations. The
production, use and disposal of products containing AgNPs changes silver exposure in
environmental populations in two distinct ways. First, the distribution of Ag+ shifts
from areas concentrated around industrial silver use to widely dispersed areas where
AgNPs are produced, used and disposed of (Figure 4) (Blaser et al. 2008; Quadros and
Marr 2010). Although little information is available regarding the environmental release
of Ag+ from production and disposal of commercial AgNP products, it is probable that
environmental areas in the immediate vicinity of these facilities will have higher Ag+
levels (Quadros and Marr 2010). In any case, the use of AgNP products represents the
broadest exposure scenario, especially since AgNP products are estimated to account for
15% of silver flowing into the environment in Europe in 2010 (Blaser et al. 2008). The
rate and form in which silver is released from AgNP products varies widely based on a
number of factors specific to the manufacture and use of the product, so that exposure in
environmental populations depends heavily on both the prevalence and types of AgNP
products used in a particular area (Benn and Westerhoff 2008; Blaser et al. 2008; Geranio
et al. 2009). Nevertheless, the predominate effect of AgNP use is likely augmented Ag+
levels in wastewater streams (Blaser et al. 2008; Quadros and Marr 2010). Wastewater
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with silver is channeled to sewage treatment plants where it eventually ends up in
effluents from the plant, or in sludge that is placed in landfills, incinerated, or spread on
agricultural fields (Blaser et al. 2008). Similar to the case in humans then, AgNP use
means that exposure shifts from restricted areas to a much wider swath of populations
encompassing terrestrial, aquatic, and to an extent, airborne species.

Figure 4: Environmental Exposures From Production, Use and Disposal of
AgNP Products.
Each stage of the product lifecycle creates the potential for AgNP
exposures in environmental populations. Note that product use likely
represents the most significant exposure potential but data from actual
production, use and disposal is needed to refine exposure routes. Figure
adapted from (Blaser et al. 2008; Quadros and Marr 2010).
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Furthermore, AgNPs will likely raise the bioavailable concentrations of Ag+
compared to the historic use of silver in industrial areas. Although Ag+ bioavailability is
mitigated by its propensity to bind chloride, sulfide, organic matter and other ligands, it
is likely that these factors will not reduce AgNP toxicity (Wijnhoven et al. 2009). With
AgNPs the majority of the metal is contained within the particles, and thus not available
to interact with these moieties; as such, whole particles taken up into organisms would
deliver a bolus dose of Ag+, essentially elevating the soluble ion concentration reaching
organisms (Quadros and Marr 2010). In the context of ecosystems then, AgNP use could
severely impact populations susceptible to Ag+ exposure such as bacteria and aquatic
species (Quadros and Marr 2010; Wijnhoven et al. 2009).
Indeed AgNPs are toxic to microbes, algae, marine invertebrates and fish (Griffitt
et al. 2008; Navarro et al. 2008; Quadros and Marr 2010). Susceptibility to AgNP toxicity
varies between species with bottom dwelling invertebrates showing particular
sensitivity to exposure (Griffitt et al. 2008). Given the effects on primary producers and
animals in low trophic levels, it is likely that AgNPs will have indirect effects on
ecosystem health. Further, AgNPs blatantly disrupt zebrafish development and are
capable of accumulating within the animal (Asharani et al. 2008; Bar-Ilan et al. 2009;
Griffitt et al. 2008). Notably, similar to bacterial cells, AgNP toxicity in a number of
aquatic species cannot be completely explained by Ag+, indicating that AgNP and Ag+
exposures will result in distinct outcomes on neurodevelopment (Griffitt et al. 2008;
Navarro et al. 2008).
Elevated AgNP and Ag+ exposures in human and environmental populations
pose important questions regarding their potential neurotoxicity. The increasing
likelihood of exposure, combined with the cellular mechanisms affected by Ag+ and
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AgNPs, and the overt toxicity of both agents in human and environmental populations,
point to the following questions regarding developmental neurotoxicity at
concentrations below those that evoke outright toxicity. First, does Ag+ impair
mechanisms of neuronal development? If so, do mechanistic changes lead to detectable
neurobehavioral effects in vivo? Then, how do the effects of Ag+ on mechanisms and
outcomes of neurodevelopment compare to AgNPs? Finally, do the physicochemical
characteristics of AgNPs affect outcomes of neurodevelopment?
Given the questions surrounding AgNP and Ag+ effects on neurodevelopment, we
chose two models to evaluate the mechanisms and outcomes of exposure. First, we
selected an in vitro model in order to determine the direct impact of Ag+ and AgNPs on
neuronal cell replication and differentiation without many of the confounding variables
that operate in mammalian systems, such as indirect effects on maternal nutrition,
endocrine status and behavior. In these studies we used PC12 cells, a well-defined
neurodevelopmental model (Teng and Greene 1994) that readily recapitulates key events
in neuronal cell development and thus has served as a model system to evaluate the
mechanisms and consequences of exposures to a wide variety of neurotoxicants,
including other metals, pesticides and drugs (Bagchi et al. 1995; Bagchi et al. 1996;
Benters et al. 1996; Crumpton et al. 2000a, b; Das and Barone 1999; Flaskos et al. 1994;
Jameson et al. 2006; Li and Casida 1998; Nagata et al. 1997; Qiao et al. 2001, 2005; Slotkin
1999, 2004, 2005; Song et al. 1998; Tuler et al. 1989). In contrast to primary neuronal
cultures, which do not undergo mitosis in culture, PC12 cells provide a homogenous cell
population that continues to divide until differentiation is triggered by addition of nerve
growth factor (NGF). As such, we could examine effects at specific neurodevelopmental
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stages ranging from initial cell replication, to the transition to differentiation, and then to
the expression of specific neurotransmitter phenotypes.
At the same time, the in vitro model lacks the ability to assess pharmacokinetic
factors that influence fetal exposure and underestimates the sensitivity to toxicants. The
latter reflects a combination of several factors. As a transformed cell line, PC12 cells are
inherently more resistant to drugs and chemicals and typically require much higher
concentrations to display effects that are seen at lower concentrations in intact neurons
or in the developing brain. Second, exposures in culture occupy a time frame of hours to
days, whereas exposures in vivo can involve exposure over the entire course of brain
development; again, this reduces the apparent sensitivity of in vitro models. Third, the
cell culture model lacks many of the important aspects that define architectural
assembly of the brain, notably the cell-to-cell interactions and larger-scale events that
simply cannot be modeled in vitro. Nevertheless, all these features combine to make in
vitro models generally less sensitive to Ag+ and AgNPs, so that comparable effects in
vivo are likely to be seen at much lower concentrations than those used here. Finally,
the very confounds that are eliminated with in vitro models are of considerable
importance in risk assessment, which has to take into account maternal endocrine status
and other indirect sources of toxicity (Hartung and Daston 2009).
Indeed, we examined whether our results in vitro predicted in vivo effects by
evaluating Ag+ and AgNP exposure in the zebrafish. These animals are increasingly
used for chemical toxicity testing due to their highly conserved, extensively
characterized and rapid development (Hill et al. 2005). Importantly, the zebrafish bloodbrain barrier is functionally akin to that of mammals, and shows a comparable timecourse of development (Abbott et al. 2010; Jeong et al. 2008). Moreover, they respond
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similarly to rodents after exposure to toxicants and pharmaceuticals, and thus are an
ideal vertebrate model for screening potential developmental neurotoxicants before
further testing in mammals (Hill et al. 2005; Irons et al. 2010; Parng et al. 2007).
Zebrafish development occurs outside of the mother in a translucent membrane known
as the chorion, which facilitates observation of morphology, growth and movement
from the first few hours of life (Hill et al. 2005). Embryos start moving while still in the
chorion during the first day post-fertilization (dpf), allowing an initial assessment of
motor function (Drapeau et al. 2002). By 3 dpf larvae hatch out of the chorion and by 5
dpf they swim easily, facilitating evaluation of neurobehavior very early in life (Drapeau
et al. 2002). Behavioral assessments are particularly sensitive endpoints to reveal the
heightened vulnerability of the developing nervous system and here, we used the
zebrafish to contrast the dose-effect relationships for survival, dysmorphology, and
behavioral measures of Ag+ and AgNP exposure (Bondy and Campbell 2005).
While the attributes detailed above show the utility of the zebrafish model for
screening potential developmental neurotoxicants, there are important disadvantages of
the model to consider. First, while zebrafish are valuable for their high fecundity, the
large number of offspring generated at any one time naturally results in a higher
percentage of animals with developmental malformations compared to mammals, which
produce fewer offspring at a time to ensure that all of them survive to adulthood.
Further, the percentage of fish unfit for survival varies from batch to batch of fish,
making it more difficult to discern the effects of toxicants versus teratology in the
background population. In addition, the inherent heterogeneity of particle suspensions
compared to homogeneous chemical solutions may augment the variability of this
model, and thus necessitate a higher number of replicate experiments to confirm particle
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effects compared to soluble chemicals. All of which suggests that while they present a
highly useful model for screening chemicals, further studies in mammalian systems are
required for chemicals, and especially nanoparticles, that are developmental toxicants in
zebrafish.
An important consideration for both our in vitro and in vivo studies is the fact
that Ag+ readily binds chloride and sulfide, and thus Ag+ exposure inherently includes
AgClx and AgHSx as well (Wijnhoven et al. 2009). Yet, the concentration of any
particular form of the metal depends on the ionic makeup of the surrounding medium
and likely changes over the course of exposure; as such, we use Ag+ to refer to the
nominal concentration of silver added to the bath throughout this body of work.
Based on the body of evidence thus far it is highly likely that Ag+ and AgNPs are
developmental neurotoxicants. As such, we hypothesize that in PC12 cells Ag+ will
inhibit DNA synthesis, elevate oxidative stress, and ultimately affect cell differentiation.
We further predict that Ag+ will cause dysmorphology in the zebrafish embryo at high
concentrations while altering behavior and neurochemistry at lower concentrations.
Finally, we expect that AgNPs will elicit similar effects in neuronal cells and zebrafish,
but will require greater concentrations since the majority of the metal is contained
within the particles. To test these hypotheses we pursued the following specific aims:
Specific Aim 1: To investigate whether Ag+ is a developmental neurotoxicant
in cell and zebrafish models.
In Part A of this aim we identified cellular mechanisms of neurodevelopment
particularly vulnerable to Ag+ by evaluating key aspects of cell replication and
neurodifferentiation in the PC12 model. As described in Chapter 2, we examined the
effects of Ag+ exposure on DNA and protein synthesis, cell number and growth, cell
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viability, oxidative stress, neurite extension and differentiation into the acetylcholine
and dopamine phenotypes. For comparison, in some determinations we included the
organophosphate insecticide, chlorpyrifos, as a positive control compound, since this
agent is a known developmental neurotoxicant for which the PC12 model provides
ready prediction of effects of in vivo exposure (Jameson et al. 2006; Qiao et al. 2001, 2005;
Slotkin 2005; Slotkin et al. 2007a; Slotkin et al. 2007b).
Our results in Part A of this aim clearly showed that Ag+ affects mechanisms of
neurodevelopment in vitro. In Part B, we used the zebrafish model to characterize the
behavioral and neurochemical effects of Ag+ in vivo. Zebrafish provide a model that is
readily relatable to our in vitro studies given that we can watch early development,
measure early behavior, and evaluate neurotransmitter levels in young and adult
animals. In Chapter 3 we established which concentrations of Ag+ evoked overt changes
in zebrafish survival, morphology and development. We then tested whether there
were neurobehavioral effects at concentrations that did not elicit such gross
developmental changes by measuring fish swimming activity after they are removed
from Ag+ exposure. In Chapter 4, we then determined whether changes in larval
swimming behavior were indicative of long-term alterations in adult behavior and
neurochemistry. For our behavioral evaluations we used a test that tied learning to
anxiety, an approach chosen because developmental exposure to other heavy metals
augments anxiety-like behaviors in adult rodents (Maia et al. 2009; Moreira et al. 2001).
Our neurochemical evaluations focused on the dopaminergic and serotonergic systems
since these circuits play important roles in fear-based learning, visuospatial tasks and
anxiety (Kim et al. 1997; Tran et al. 2008).
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Specific Aim 2: To establish how AgNPs affect neurodevelopment in
comparison to Ag+ in cell and zebrafish models.
Specific Aim 1A showed that Ag+ alters neuronal cell development in vitro, and
thus in Part A of this aim we determined whether AgNPs elicit effects similar to Ag+ in
PC12 cells. This work paralleled our study in Chapter 2 by concentrating on antimitotic
effects, inhibition of protein synthesis, oxidative stress, impaired viability and
neurodifferentiation into both phenotypes. We focused first on comparisons between
Ag+ and citrate-coated AgNPs (AgNP-C). Next, we investigated the effects of different
particle coatings, sizes and composition, by using polyvinylpyrrolidine-coated AgNPs,
as well as uncoated silica nanoparticles to determine whether effects could be elicited
simply by particles of the same size, regardless of the main composition constituent.
In Part A of this aim we found that although Ag+ and AgNPs evoked similar
changes neuronal development, there were important differences in the underlying
mechanisms and ultimate outcomes. Further, our results from Specific Aim 1B showed
that Ag+ markedly impinged on larval zebrafish swimming behavior and had long-term
effects on adult behavior and neurochemistry. As such, in Part B of this aim we
determined whether AgNPs elicited behavioral and neurochemical effects similar to
those of Ag+. We first compared the effects of Ag+ and AgNP-C on survival and gross
development in the zebrafish. Next, we evaluated whether there were changes in larval
swimming responses to different lighting conditions due to Ag+ or AgNP-C at a
concentration of AgNP-C that did not significantly affect survival or morphology.
Finally, we assessed the roles of coating and size in the outcomes by comparing 10 nm
AgNP-C to 10 and 50 nm polyvinylpyrrolidine-coated particles.
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2. Silver Impairs Neurodevelopment: Studies in PC12
Cells
2.1 Introduction
There are several reasons to suspect Ag+ as a developmental neurotoxicant: First,
adult neurotoxicity is associated with chronic Ag+ exposure at high concentrations
(Lansdown 2007) and rodent data show neuronal damage accompanied by behavior
changes (Rungby 1990; Rungby and Danscher 1984). Second, maternal exposure to Ag+
damaged vulnerable areas in the developing brain such as the hippocampus (Rungby et
al. 1987), however it is unclear whether the effect was specific to the brain. Here, we
investigated whether alterations in the developing brain were due to direct effects on
neurodevelopment, or reflective of greater systemic toxicity by evaluating Ag+ in a
standard model of neuronal cell development, PC12 cells. Using an in vitro model for
our initial assessment allowed us to directly study effects on cell replication and
differentiation without the confounding variables found in vivo systems, such as
indirect effects on maternal nutrition, endocrine status and behavior. Further, the PC12
cell model is particularly advantageous because differentiation is triggered by the
addition of NGF, and thus we could examine outcomes specific to neurodevelopmental
stages ranging from initial cell replication, to the transition to differentiation, and then to
the expression of specific neurotransmitter phenotypes; in contrast, primary neurons do
not divide in culture, do not show a uniform pattern of differentiation, and have a wide
variety of phenotypes. Our findings show that not only does Ag+ directly impair
processes of neuronal cell development, but the effects of exposure vary with
neurodevelopmental stages.
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2.2 Methods
2.2.1 Cell cultures
Experiments were performed on cells that had undergone fewer than five
passages. PC12 cells (American Type Culture Collection, 1721-CRL; obtained from the
Duke Comprehensive Cancer Center, Durham, NC) were grown in RPMI-1640 medium
(Invitrogen, Carlsbad, CA) supplemented with 10% inactivated horse serum (Sigma
Chemical Co., St. Louis, MO), 5% fetal bovine serum (Sigma), and 50 µg/ml penicillin
streptomycin (Invitrogen); cells were incubated with 5-7.5% CO2 at 37°C. For studies in
the undifferentiated state, the medium was changed 24h after seeding to include 50 µM
CPF (98.8% purity, Chem Service, West Chester, PA) dissolved in dimethylsulfoxide, or
varying concentrations of AgNO3 (Sigma) in water. As a control for any effect of NO3-,
we included controls containing NaNO3 (Sigma), and similarly, where appropriate,
controls included dimethylsulfoxide to match the final concentration (0.1%) achieved in
the CPF samples; previous studies showed that this concentration of dimethylsulfoxide
has no effect on PC12 cell replication or differentiation (Qiao et al. 2001; Qiao et al. 2003;
Song et al. 1998). Vitamin E (α-tocopherol; Sigma) was dissolved in 95% ethanol (0.05%
final concentration), and controls for those experiments contained the corresponding
vehicle. For studies in differentiating cells, 24h after seeding, the medium was changed
to include 50 ng/ml of 2.5 S murine NGF (Invitrogen); each culture was examined under
a microscope to verify the subsequent outgrowth of neurites. The test agents were
added concurrently with the start of NGF treatment and cultures were maintained for
up to 6 days, with the indicated agents included with every medium change (48h
intervals).
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The CPF concentration was chosen to elicit a robust response for each of the
effects to be compared to the actions of Ag+, but that lies below the threshold for
outright cytotoxicity or loss of viability (Jameson et al. 2006; Qiao et al. 2001, 2005; Qiao
et al. 2003; Slotkin et al. 2007b; Song et al. 1998). Vitamin E was similarly evaluated at
concentrations (10 and 30 µM) established for demonstrable prevention of oxidative
stress in earlier work (Qiao et al. 2005); ascorbic acid was tested at 10 µM after
preliminary studies showed cytotoxicity at 1 mM.
2.2.1.1 DNA and protein
To quantify DNA to total protein and membrane to total protein ratios, cells were
harvested, washed, and the DNA and protein fractions isolated and analyzed as
described previously (Slotkin et al. 2007b; Song et al. 1998). Since neuronal cells contain
only a single nucleus, measuring the DNA content in each dish provides a general
measure of cell number. DNA synthesis was measured by assessment of [3H]thymidine
incorporation into the DNA fraction (Slotkin et al. 2007b; Song et al. 1998) and similarly,
protein synthesis was assessed by incorporation of [3H]leucine. To initiate the
measurement, the medium was changed to include 1 µCi/ml of either [3H]thymidine
(specific activity, 2 Ci/mmol; PerkinElmer Life and Analytical Sciences, Boston, MA) or
[3H]leucine (specific activity, 60 Ci/mmol; PerkinElmer) and the corresponding test
agents. One hour later, the medium was aspirated, cells harvested, and the DNA and
protein fractions isolated and quantified for radiolabel and for total DNA.
2.2.1.2 Oxidative stress
Oxidative stress was assessed by measuring the formation of lipid peroxides by
reaction of the resultant malondialdehyde (MDA) with thiobarbituric acid (Qiao et al.
2005) . To give the MDA concentration per cell, values were calculated relative to the
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amount of DNA. In experiments testing whether reduction of oxidative stress
ameliorated cell loss due to Ag+ exposure we added either Vitamin E or sodium
ascorbate (Sigma) concurrently with the test agents, since this earlier resulted in
demonstrable prevention of oxidative stress work in earlier work (Qiao et al. 2005).
2.2.1.3 Viability
Viability. To assess cell viability, the cell culture medium was changed to include
trypan blue (Sigma; 1 volume per 2.5 volumes of medium) and cells were examined by a
blinded observer for staining with a Zeiss Axio Observer at 100× magnification,
counting an average of 400 cells per field in two different fields per culture.
2.2.1.4 Enzyme activities
Enzyme activities. Choline acetyltransferase (ChAT) and tyrosine hydroxylase
(TH) assays were conducted by published techniques (Lau et al. 1988) using substrates
of [14C]acetyl-coenzyme A (specific activity 60 mCi/mmol; PerkinElmer Life Sciences,
Boston, MA) and [14C]tyrosine (specific activity, 438 mCi/mmol), respectively. Activities
were calculated relative to the DNA content.

2.2.2 Data Analysis
All studies were performed on 8-16 separate cultures for each measure and
treatment, using 2-4 separate batches of cells. Results are presented as means and
standard errors, with treatment comparisons carried out by ANOVA followed by
Fisher’s Protected Least Significant Difference Test for post-hoc comparisons of
individual treatments; data were log-transformed whenever the variance was
heterogeneous. In the initial test, we evaluated two ANOVA factors (treatment, cell
batch) and found that the results did not vary among the different batches of cells, so
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results across the different batches were normalized and combined for presentation.
Significance was assumed at p<0.05.

2.3 Results
2.3.1 Undifferentiated PC12 cells
Even a brief, 1h exposure of undifferentiated cells to Ag+ reduced DNA
synthesis, with a threshold concentration between 1 and 10 µM (Figure 5A); equivalent
concentrations of NaNO3 did not produce any decrement, indicating that the effects
were related to Ag+ rather than NO3. Further increases to 30 or 100 µM resulted in neartotal mitotic arrest. To determine whether this inhibition was specific to cell replication
as compared to general cytotoxicity or global effects on macromolecular synthesis, we
evaluated protein synthesis under the same conditions (Figure 5B). Although Ag+
evoked a statistically significant decrement in protein synthesis, the magnitude of effect
was substantially smaller than for DNA synthesis; notably, though, we found a
significant effect even at 1 µM Ag+, which pointed to the need to examine longer-term
effects at this lower concentration. The effects on macromolecule synthesis were not
secondary to loss of cell viability, since there was no decrease in the ability of the cells to
exclude trypan blue at the 1h time point (Figure 5C); however, by 24h of exposure, there
was a significant decrease in viability at 10 µM Ag+ but not at the lower concentration.
The combined effect of antimitotic actions and decreased viability produced a significant
decrement in DNA content after 24h of exposure to 10 µM Ag+ (Figure 5D); however,
there was a significant, albeit slight loss even at the lower Ag+ concentration.
Undifferentiated cells also displayed oxidative stress in response to a 24h exposure to 10
µM Ag+ (Figure 5E). Again, the effect was not seen with equivalent NaNO3
concentrations and was greater in magnitude than that seen with 50 µM CPF. The lower
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Ag+ concentration evoked a smaller elevation in MDA just at the threshold for statistical
significance (p<0.08).
Because Ag+ salts have limited solubility, we performed additional experiments
using light scattering to assess whether Ag+ was forming particulates. We examined
seven wavelengths spanning the visible spectrum. In water, there was no increase in
optical density at 1 µM AgNO3 but we did see small increments of at 10 or 100 µM (Table
1). However, when placed in the culture medium, there were no large increases until
the concentration was raised to 100 µM, indicating that factors in the medium
complexed the Ag+ sufficiently to keep it in solution. As a proof of complexation, we
then examined DNA synthesis during a 1h incubation in the presence and absence of
serum proteins, a period of time short enough that viability is maintained without
serum (Qiao et al. 2001). In the absence of serum, 10 µM Ag+ was far more effective in
inhibiting DNA synthesis than when serum was present: with serum, 2273±114 dpm/µg
for control, 1977±156 for 10 µM Ag+; without serum, 3295±145 and 274 ± 82, respectively
(n=4).
Table 1: Optical Density of Ag+ in H2O or Cell Culture Medium
Medium
H 2O
Cell Culture
Medium

0
0.026

1 µM
0.026

Ag+
10 µM
0.028

0.129

0.130

0.131

100 µM
0.028
0.144

Data are the average optical density across all wavelengths
measured after 48h incubation.

2.3.2 Differentiating PC12 cells
Continuous exposure of differentiating PC12 cells to 10 µM Ag+ resulted in a
progressive deficit in cell numbers, as delineated by the effects on DNA content (Figure

34

6A; note that absolute values for DNA content cannot be compared across the different
time points because cells were plated at different densities so as to achieve equivalent
confluence at the time of sampling). We verified that the DNA measurements reflected
the actual cell number by counting cells at the 4d time point (n=16). Ten µM Ag+
produced a 60% decrement in cell numbers, the same percentage as for DNA content:
535±15 cells/field for the NaNO3 control, 501±12 for 1 µM Ag+, 209±10 for 10 µM Ag+
(p<0.0001). Notably, the lower Ag+ concentration elicited a biphasic effect, with
subnormal values after 4d of exposure and elevated values at 6d. The dichotomy
between the two doses was also reflected in the impact on parameters of cell growth and
viability. The high Ag+ concentration, but not the low concentration, evoked an increase
in the total protein/DNA ratio (Figure 6B), a decrease in the membrane/total protein
ratio (Figure 6C), and a loss of viability (Figure 6D).
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Figure 5: Effects of Ag+ on undifferentiated PC12 cells.
(A) DNA synthesis, (B) protein synthesis, (C) trypan blue exclusion, (D) DNA content
and (E) oxidative stress. Data represent means and standard errors obtained from the
number of determinations shown in parentheses. ANOVA appears at the top of each
panel and asterisks denote values that differ significantly from the corresponding
control group. In panels A and E, 50 µM CPF was included as a positive test
compound for comparison with AgNO3.
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Figure 6: Effects of Ag+ on differentiating PC12 cells.
A) DNA content, (B) total protein/DNA ratio, (C) membrane/total protein ratio
and (D) trypan blue exclusion. Data represent means and standard errors obtained
from the number of determinations shown in parentheses. ANOVA appears at the
top of each panel and asterisks denote values that differ significantly from the
corresponding control group. In panels B and C, 50 µM CPF was included as a
positive test compound for comparison with AgNO3. Absolute values for DNA
content cannot be compared across the different time points because cells were
plated at different densities so as to achieve equivalent confluence at the time of
sampling.
To explore the reason for the unexpected increase in DNA content evoked by
exposure to 1 µM Ag+ as compared to the decrease seen at 10 µM, we performed several
additional experiments. First, we determined whether Ag+ delayed the transition from
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cell replication to cell differentiation, which would result in accumulation of excess cells
despite the presence of NGF. Cells were exposed to test substances simultaneously with
NGF for 2d and then the residual rate of DNA synthesis was determined at the end of
that period (Figure 7A); a delay in the transition should result in an elevated rate of
DNA synthesis relative to differentiating control cells. As expected, the DNA synthesis
rate in NaNO3-exposed control cells was much lower after the 2d exposure to NGF than
in undifferentiated cells (compare control values in Figure 7A to Figure 5A). The high
concentration of Ag+ again suppressed DNA synthesis but there was no effect of
exposure to 1 µM Ag+. The second set of studies explored whether excess cell
accumulation might reflect a decrease in the rate of spontaneous cell loss that
accompanies PC12 cell differentiation (Ekshyyan and Aw 2005). We prelabeled the
DNA by exposing undifferentiated, replicating PC12 cells to [3H]thymidine for 24h, after
which the medium was changed to include NGF and the test substances, without further
addition of radiolabel. At the end of 6d, we assessed how much of the originally-labeled
DNA remained. The high concentration of Ag+ evoked a significant decrement in
retained radiolabel, whereas the low concentration produced a substantial increase
(Figure 7B). Since there were also changes in DNA content reflecting alterations in the
number of cells (Figure 6A), we further examined the retention of radiolabel relative to
cell number (Figure 7C). For this parameter, 1 µM Ag+ evoked a small increment at the
margin of statistical significance (p<0.06), whereas 10 µM Ag+ evoked a more
substantial, significant increase; this means that for both treatments, preformed cells
were surviving longer than those that were generated later, in the presence of Ag+.
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Figure 7: DNA synthesis and retention of radiolabeled DNA in differentiating PC12
cells.
In panel A, cells were exposed to test agents simultaneously with NGF for 2 days and
then [3H]thymidine incorporation into DNA was measured for a 1h period at the end of
exposure. In panel B, undifferentiated cells were radiolabeled with [3H]thymidine, after
which cells were exposed simultaneously to test agents with NGF for 6 days and the
radiolabel retained in the DNA fraction was determined. Panel C shows the retained
radiolabel after 6 days relative to the DNA content. Data represent means and standard
errors obtained from the number of determinations shown in parentheses. ANOVA
appears at the top of each panel and asterisks denote values that differ significantly from
the corresponding control groups.
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Given our observation of oxidative stress resulting from Ag+ exposure of
undifferentiated cells, we performed comparable studies with exposure during
differentiation, focusing on an intermediate time point (4d) so as to examine effects prior
to the terminal effects on cell number. Exposure to either 1 or 10 µM Ag+ evoked
significant increases in lipid peroxidation and again, the effect of 10 µM Ag+ was greater
than that achieved with 50 µM CPF (Figure 8A). To explore the role of oxidative stress
in the cell loss evoked by the higher Ag+ concentration, we then assessed the impact of
antioxidant treatments on lipid peroxidation and cell number. Treatment with 10 µM or
30 µM Vitamin E alone reduced MDA levels to near-zero, whereas 10 µM ascorbate
caused only a small, nonsignificant reduction. However, all three treatments prevented
the lipid peroxidation evoked by 10 µM Ag+, reducing the MDA level to zero (Vitamin
E) or to lower values than in controls (ascorbate). In contrast, the impact of the two
antioxidants on DNA content was quite different (Figure 8B). By themselves, neither
Vitamin E nor ascorbate had any effect. Despite the reversal of lipid peroxidation,
Vitamin E did not provide protection from the cell loss evoked by 10 µM Ag+, whereas
ascorbate was completely protective. We carried out one additional experiment to
determine whether cell loss from 10 µM exposure was due to its interference with
copper uptake via competitive inhibition of copper transport (Bertinato et al. 2008).
However, addition of Cu2+ failed to ameliorate cell loss due to 10 µM Ag+ exposure
(Table 2).
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Figure 8: Oxidative stress and antioxidant effects in differentiating PC12 cells.
(A) MDA levels and (B) DNA content. Data represent means and standard
errors obtained from the number of determinations shown in parentheses.
ANOVA appears at the top of each panel and asterisks denote values that
differ significantly from the corresponding control group. In panel A, 50 µM
CPF was included as a positive test compound for comparison with AgNO3.
Abbreviations: Vit E = vitamin E, Asc = ascorbate.
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Table 2: DNA Content with Ag+ and Cu2+
Control
AgNO3 10 µM
AgNO3 10 µM + Cu 0.3 µM
AgNO3 10 µM + Cu 1 µM
AgNO3 10 µM + Cu 3 µM
AgNO3 10 µM + Cu 10 µM

DNA (µg/dish)
21
8
6
4
6
2

SE
1
1
0.2
0.4
1
0.1

Data represent means and SE from four samples.
Finally, we assessed the effects of Ag+ exposure on differentiation of PC12 cells
into neurotransmitter phenotypes. In control cells exposed to NGF for 6d, TH activity
was much higher than in undifferentiated cells, reflecting formation of the dopamine
phenotype (Figure 9A). Exposure to 1 µM Ag+ evoked a small reduction in TH whereas
the higher concentration elicited a significant increase. For ChAT, NGF exposure in
control cells evoked an even larger proportional increase as compared to the
undifferentiated state, reflecting formation of the acetylcholine phenotype (Figure 9B); in
this case 1 and 10 µM Ag+ produced effects in the same direction (decreased ChAT).
Although the effects of 1 µM Ag+ on TH and ChAT did not achieve statistical
significance individually, a higher-order statistical analysis of the results, considering
factors of both treatment and measure (TH and ChAT as a repeated measure, since both
enzymes were assayed in the same sample), indicated a significant main treatment
effect, reflecting a significant overall decrement across both phenotypes. The differences
in outcome between 1 µM and 10 µM Ag+ were more obvious when considering the
TH/ChAT ratio as a measure of phenotypic preference (Figure 9C). The lower Ag+
concentration had no effect on the ratio, reflecting the equivalent decrements seen for
both phenotypes, whereas the higher concentration evoked a significant increase,
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indicative of a switch away from the acetylcholine phenotype and toward the dopamine
phenotype.

Figure 9: Effects of Ag+ on differentiation of PC12 cells into dopamine and
acetylcholine phenotypes, assessed by measuring TH and ChAT, respectively.
(A) TH activity, (B) ChAT activity and (C) TH/ChAT ratio. Data represent means and
standard errors obtained from the number of determinations shown in parentheses.
ANOVA for effects in the differentiating cells appears at the bottom of each panel and
asterisks denote values that differ significantly from the corresponding control group.
The daggers indicate a significant main effect of AgNO3 exposure that was equivalent
for TH and ChAT, as assessed by a two-factor ANOVA incorporating treatment and
measure (TH, ChAT as a repeated measure since both enzymes were assayed in the
same sample). Exposure to NaNO3 had no effect.
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2.4 Discussion
Our findings show that Ag+ impairs mechanisms of neurodevelopment at
concentrations orders of magnitude lower than the known neurotoxicant CPF.
Importantly, the outcomes and underlying mechanisms were unique for concentrations
above versus below the threshold for outright cytotoxicity (10 µM), and were further
influenced by whether cells were replicating versus differentiating. Accordingly, the
effects of Ag+ exposure on neuronal development are highly stage-dependent and
display nonmonotonic concentration-effect relationships.
Exposure of undifferentiated PC12 cells to 10 µM Ag+ produced an immediate
decline in DNA synthesis, progressing to near-total inhibition at higher concentrations.
The effect was much greater than that exerted toward protein synthesis and preceded
the loss of cell viability, thus indicating selective antimitotic activity. In turn, if the same
events occur in the developing brain, we would expect to see widespread neuronal
deficits corresponding to the regions undergoing neurogenesis during the exposure
period.
Even greater cell loss occurred in differentiating cells exposed to 10 µM Ag+. In
part, this represented an accelerated decline in mitotic activity, likely involving
mechanisms similar to those seen in the undifferentiated state. Nevertheless, Ag+ clearly
elicits effects beyond general cytotoxicity, as indicated by: 1) an increase in the
protein/DNA ratio, consistent with enlargement of the remaining cells (Abreu-Villaça et
al. 2005; Jameson et al. 2006a; Slotkin et al. 2007b; Song et al. 1998), and 2) the
preferential loss of cells that were formed in the presence of the toxicant, as reflected by
a greater decrease in total cell number than in the prelabeled cells (i.e. an increase in the
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[3H]thymidine/DNA ratio) rather than an equivalent loss of radiolabel and cells that
would have occurred in with general cytotoxicity . The greater vulnerability of nascent
cells to Ag+ could reflect either a greater impact on cell function, or greater uptake of the
toxicant, a distinction that needs to be addressed in future studies. However, regardless
of the underlying mechanism, the heightened susceptibility of newly-formed cells
reinforces the concept that there are critical neurodevelopmental stages especially
sensitive to Ag+.
In fact not only did 10 µM Ag+ reduce the membrane/total protein ratio,
reflecting impaired formation of neurites (Abreu-Villaça et al. 2005; Jameson et al. 2006a;
Slotkin et al. 2007b; Song et al. 1998), but it also completely altered the emergence of
neurotransmitter phenotypes. By suppressing the acetylcholine phenotype, as reflected
by a significant decrease in ChAT, and enhancing differentiation into the dopamine
phenotype (elevated TH activity), 10 µM Ag+ produced an even larger increase in the
TH/ChAT ratio. Whether the altered ratio stems from a diversion of
neurodifferentiation away from the acetylcholine and toward the dopamine phenotype
or greater vulnerability of cholinergic cells to Ag+-induced cell loss remains to be
explored in future work. In either case, if similar effects occur in the developing brain,
then Ag+ would likely impair axonogenesis/synaptogenesis, as well as produce
“miswiring,” where presynaptic neurons would contain a neurotransmitter
inappropriately matched to the postsynaptic receptors on their target cells. Indeed, such
parallels have occured with known developmental neurotoxicants like mercury or CPF
where such outcomes in PC12 cells helped explain the synaptic deficiencies and
miswiring seen in vivo with either agent (Jameson et al. 2006; Parran et al. 2001).
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We also examined the relationship between oxidative stress and cytotoxicity by
evaluating whether antioxidants could prevent the cell loss caused by exposure of
differentiating cells to 10 µM Ag+. Although Vitamin E completely suppressed lipid
peroxidation, it failed to prevent the loss of cells, despite the fact that, in earlier work, we
found that the same treatment provided partial defense against oxidative damage
caused by CPF (Slotkin et al. 2007a). In contrast, ascorbate provided complete protection
against cell loss, even though it had a lesser effect on lipid peroxides. The difference in
efficacy of the antioxidants could result from a number of different factors, each of
which provides insight into the mechanisms of Ag+. First, the intracellular distribution
of each antioxidant (cytosol versus membranes) suggests that as a cytosolic agent,
ascorbate might quench the activity of Ag+ in the cell by reducing the ion to Ag0, a
speciation more readily confined to intracellular organelles. A second possibility is that
lipid membranes are not the most sensitive targets of oxidative stress evoked by Ag+,
since Vitamin E acts down stream of reactive oxygen species production in lipid
peroxidation. Third, ascorbate might interfere with the entry of Ag+ into the cell, which
likely requires a transporter (Bertinato et al. 2008). Future work needs to explore these
possibilities, but in any case, our findings confirm that oxidative stress per se,
contributes to the effects of Ag+ on neurodevelopment, but cannot solely account for all
the observations; as discussed below, this is further reinforced by the dichotomy
between effects of Ag+ at 10 µM vs. 1 µM.
Reducing the Ag+ concentration to 1 µM had the expected, mitigated effect on
undifferentiated PC12 cells. We were therefore surprised to find a substantially different
spectrum of actions for the effects of 1 µM Ag+ in differentiating cells as compared to
effects seen at the higher concentration. First, the low concentration elicited an increase
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in cell numbers rather than a decrease, with the effect emerging between 4d and 6d of
exposure. This did not reflect a delay in the transition from replication to differentiation,
since the treatment did not impair the ability of NGF to elicit a decline in DNA
synthesis. However, when we prelabeled the DNA with [3H]thymidine prior to
commencing coexposure to 1 µM Ag+ and NGF, we found an increased retention of
radiolabel after 6d, pointing to a sparing of ongoing apoptotic cell loss (Ekshyyan and
Aw 2005) as the likely mechanism underlying excess cell accumulation. Since apoptotic
cell loss is an essential feature of normal brain assembly (Kuida et al. 1996), if similar
effects occur in vivo, then we would expect to see substantial alterations in architectural
modeling of brain regions in which active apoptosis is occurring. Also unlike the higher
concentration, 1 µM Ag+ did not affect parameters of cell growth or neurite formation
but it did affect neurodifferentiation into acetylcholine and dopamine phenotypes.
Again, though, the pattern differed substantially from those seen at 10 µM; at 1 µM, we
observed impairment of both TH and ChAT to approximately the same extent. We
would therefore expect to see deficits in the emergence of both phenotypes but without
the preferential switch to the dopamine phenotype that was seen at 10 µM Ag+. With in
vivo exposures, we would also predict correspondingly different patterns of
neurobehavioral outcomes between exposures below and above the threshold for
outright toxicity. To test whether Ag+ elicited neurobehavioral changes in vivo, we went
on to evaluate the effects of this heavy metal in the zebrafish model.
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3. Silver Exposure in Developing Zebrafish (Danio rerio):
Persistent Effects on Larval Behavior and Survival
3.1 Introduction
Given the overtly toxic effects of high Ag+ concentrations contrasted by more
neurospecific effects of low-level exposures in PC12 cells, we first established which
concentrations elicited frank toxicity in vivo, and then whether lower concentrations
altered neurodevelopment in the zebrafish model. With regard to Ag+, data show that
like in rodents, high concentrations of the ion produce mortality in zebrafish, with a 48h
LD50 of 92 µM (Griffitt et al. 2008). Interestingly, high concentrations of AgNPs also
decrease survival, as well as delay hatching, and evoke dysmorphology in embryonic
zebrafish (Asharani et al. 2008; Bar-Ilan et al. 2009; Griffitt et al. 2008); however, it is not
yet clear whether these reflect the actions of Ag+ released by the AgNPs, nor did these
reports deal with longer-term effects from low-level exposures, ones that are highly
relevant to environmental impact. As such, we evaluated whether Ag+ affects
neurobehavioral outcomes at concentrations below those which provoked gross effects
on survival, dysmorphology and hatching.

3.2 Methods
3.2.1 Reagents
Stocks of AgNO3 and NaNO3 are described in Chapter 2. AgNO3 was stored in a
light-tight container to avoid photooxidation to Ag2+. Test concentrations were prepared
in 30% Danieau’s Solution: 58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM
Ca(NO3)2, 5 mM Hepes, pH 7.2.
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3.2.2 Animals
All experiments were carried out humanely and with regard for alleviation of
suffering, with protocols approved by the Duke University Institutional Animal Care
and Use Committee. Adult wild-type zebrafish of the AB* strain were bred in our facility
and maintained in deionized water containing final concentrations of 0.013% SeaChem
(SeaChem Laboratories Inc., Madison, GA) and 0.05% InstantOcean (InstantOcean,
Cincinnati, OH). Fish were kept on a 14/10 h light/dark cycle at 28.5 °C, with
continuous fluid recirculation. In each experiment, embryos were obtained by covering
glass dishes with a plastic mesh and placing them into tanks the evening prior to
embryo collection. Twelve to 18 tanks containing 10 to 25 fish per tank were used in
each experiment. Dishes were removed from tanks 1.5 h after the start of embryo
fertilization to standardize the timing. After removal from the tank, embryos were
rinsed thoroughly with, and maintained in 30% Danieau’s Solution; embryos and larval
fish were kept under the same temperature and lighting conditions as adults. For larval
testing, fish were removed from the exposure solutions at 5 days post-fertilization (dpf).
Water was changed daily from 5-14 dpf and larvae were fed GP Reef and Larval Diet
(Brine Shrimp Direct, Ogden, UT) and baby brine shrimp (Great Salt Lake Brine Shrimp,
Salt Lake City, UT). After 14 dpf, animals were housed as described for adults.

3.2.3 Embryonic toxicity
All embryos were examined under a light microscope for proper cell division
and general health at 3.5 h post-fertilization (hpf) as described previously (Kimmel et al.
1995). Healthy embryos were placed into 60-mm dishes containing 12-ml of test solution
for exposure, with each experiment constituting a total of 10 to 20 embryos per dish and
two dishes per treatment group; within a given experiment, the same number of
embryos was included for each treatment group. Treatment was initiated at 4 hpf by
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introducing test solutions containing H2O, AgNO3 or NaNO3. The solutions were
replaced at 24 h intervals through 5 dpf. Each experiment contained duplicate dishes for
each treatment and experiments were repeated several times. Embryos were imaged
using either an Axiovert 100 TV microscope or Nikon AZ100 microscope. Dead
embryos were removed on a daily basis.

3.2.4 Larval behavior testing
Embryos were treated as already described and were raised in 12-well dishes
with one fish per well. For testing, the larvae were placed in fresh solution without the
test substances; all testing took place between 13:30 and 16:00 in lighted conditions.
Motor function was assessed on 5 and 10 dpf by transferring fish into a 12-well test plate
(2 ml fluid volume per well), with each well containing a single fish. Fish were allowed
to acclimate to the well for 2 min and then movements were recorded for the ensuing 3
min using a Noldus tracking device (Noldus Information Technology, Wageningen,
Netherlands) and Media Cruiser recording software (Canopus Corporation, Kobe,
Japan). Fish were then returned to a home 12-well plate until the subsequent test period.
Videos of fish movement were assessed using EthoVision 3.1.14 software
(Noldus Information Technology, Wageningen, Netherlands). After we acquired data
from each video, tracks of individual wells were assessed for completeness and accuracy
of the fish’s path. Where necessary, missing segments of the fish path were filled in
using the interpolation tool in EthoVision so that the track matched the fish path in the
video recording. The “minimum distance moved” filter was used in order to
discriminate between swimming and small vibrations in stationary fish. Computerized
results were spot-checked by visual evaluations of swimming distances from the
original videotape.
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3.2.5 Data analysis
Survival, hatching and swim bladder inflation were assessed using χ2 analysis for
observed vs. expected frequencies for all comparisons where the expected frequency
was at 5 or greater; where the expected frequency was less than 5, we used Fisher’s
Exact Test. The expected frequency was determined from the H2O controls but
significant differences due to AgNO3 treatment were also compared to the
corresponding NaNO3 group. Significance for these parameters was assessed one-tailed,
since exposures were expected only to impair or delay the developmental indices.
Swimming distances were compiled as means and standard errors, with treatment
comparisons carried out by two-factor ANOVA (treatment, age) followed by Fisher’s
Protected Least Significant Difference Test for post-hoc comparisons of individual
treatments; for these tests, p-values were assessed two-tailed, since activity measures
could be either decreased or increased by the treatments. Significance for all tests was
assumed at p < 0.05.

3.3 Results
3.3.1 Embryonic toxicity
We examined a large Ag+ concentration range (10 nM to 100 µM) to determine
the threshold for effects on embryonic survival and dysmorphology, exposing zebrafish
from 4 hpf through 5 dpf. Survival was impaired at concentrations of 3 µM and higher
(Figure 10A); although we also saw a significant difference between 1 µM Ag+ and the
H2O controls, the Ag+ effect at this concentration was not distinguishable from the
corresponding NaNO3 group. We also observed dysmorphology with the same
threshold (Figure 10B).
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Figure 10: Effects of Ag+ on embryonic survival and on morphology at 1 dpf.
A) survival after exposure on 0-5 dpf (B) representative micrographs showing
embryo morphology at 1 dpf. The number of fish used in each group were as
follows: 204 for H2O; NaNO3, 40 at 0.1 µM, 39 at 0.3 µM, 64 at 1 µM, 64 at 3
µM, 100 at 10 µM, 60 at 100 µM; AgNO3, 40 at 0.01 µM, 80 at 0.1 µM, 40 at 0.3
µM, 124 at 1 µM, 64 at 3 µM, 122 at 10 µM, 100 at 100 µM. In (A), the solid line
shows the survival for control embryos (H2O); asterisks denote treatments
significantly different from control (χ2 analysis) and daggers denote
treatments significantly different from NaNO3. In (B), white arrow heads
point to decreased yolk size and black arrows point to aggregates forming in
the chorion. Scale bar = 100 µm.
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The affected embryos were smaller, had dark aggregates in the chorion (likely to
be condensed yolk sac protein or precipitates of Ag compounds such as Ag2S), and
exhibited a white pigmentation compared to the translucent controls. Importantly, these
effects were not due to NO3, since the NaNO3 group showed no signs of
dysmorphology. The dose-effect relationship for delayed hatching showed a lower
threshold (Figure 11A): by 3 dpf, only 81% of embryos exposed to 1 µM Ag+ hatched
compared to 98% of H2O controls, with fewer embryos hatched as the concentration was
raised further; raising the concentration to 100 µM exceeded the threshold for adverse
effects of NO3, since the NaNO3 group also showed delayed hatching at that
concentration. Nevertheless, embryos exposed to 1 or 3 µM Ag+ did hatch by 4 dpf,
indicating that the exposure only delayed hatching, rather than compromising viability.
The delay in hatching was accompanied by persistent dysmorphology with continued
formation of aggregrates in the chorion and decreased embryo size, effects that were
pronounced at 10 µM Ag+ and higher (Figure 11B).
At concentrations below the threshold for these impairments, we noted a more
subtle effect on the timing of swim bladder inflation (Figure 12). In controls, inflation
was nearly complete by 4 dpf, whereas exposure to 0.1 or 0.3 µM Ag+ delayed inflation
in a substantial proportion of the population. Inflation in larvae exposed to 0.1 µM Ag+
was indistinguishable from controls by 6 dpf while those exposed to 0.3 µM did not
achieve complete inflation until 9 dpf. Sodium nitrate had no significant effect on swim
bladder inflation and the effects of AgNO3 were equally distinguishable from this
additional control group.
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Figure 11: Effects of Ag+ on hatching and on morphology at 3 dpf.
(A) percent of total embryos hatched on 3 dpf (left) and 4 dpf (right); (B)
representative micrographs showing embryo morphology at 3 dpf. The
number of fish in each group on 3 dpf and 4 dpf were as follows: 289 and 287
for H2O; NaNO3, 56 and 55 at 0.03 µM, 60 and 60 at 0.1 µM, 129 and 127 at 0.3
µM, 52 and 52 at 1 µM, 56 and 53 at 3 µM, 87 and 84 at 10 µM, 50 and 50 at 100
µM; AgNO3, 32 and 32 at 0.01 µM, 56 and 56 at 0.03 µM, 143 and 143 at 0.1 µM,
149 and 149 at 0.3 µM, 81 and 83 at 1 µM, 43 and 46 at 3 µM, 74 and 79 at 10
µM, 57 and 64 at 100 µM. In (A), the solid line shows the values for control
embryos (H2O); asterisks denote treatments significantly different from
control (χ2 test or Fisher’s Exact Test; see Materials and Methods) and daggers
denote where the AgNO3 group is significantly different from NaNO3. In (B),
note the lack of hatching in the AgNO3 groups at 1 µM or above and the much
larger scale for the 10 µM group. Scale bar = 100 µm.
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Figure 12: Effects of Ag+ on swim bladder inflation.
The number of fish used in each group were as follows: 101 for H2O; NaNO3, 24 at
0.1 µM, 77 at 0.3 µM; AgNO3, 24 at 0.1 µM, 98 at 0.3 µM. Asterisks denote treatments
significantly different from H2O (χ2 test or Fisher’s Exact Test; see Materials and
Methods) and daggers denote where the AgNO3 group is significantly different from
NaNO3.

3.3.2 Embryonic and larval behavior
In embryonic stages from 1 dpf to hatching, we observed spontaneous
movement each day for each embryo, over a 20 sec period, as well as the response to
touching the embryos with a metal probe; compared to the H2O control group, embryos
exposed to 0.1 µM NaNO3, 0.1 µM AgNO3 or 0.3 µM AgNO3 were indistinguishable (not
significant by χ2 analysis, categorizing responses as “moved” or “didn’t move;” 23-24
fish per group, Table 3). These observations were repeated in larvae from hatching to 10
dpf with the same results. Despite the lack of an underlying deficit in motor function,
exposure to either 0.1 or 0.3 µM Ag+ altered larval swimming performance. We
measured the distance larvae swam on 5 and 10 dpf to span the time points where swim
bladder inflation was significantly impaired, and where it became comparable to
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controls. There was a significant decrease in the distance swum in the Ag+ group at both
5 and 10 dpf, effects which were again distinct from the lack of effect seen with
comparable concentrations of NaNO3 (Figure 13A). Thus, while swim bladder inflation
recovered by 6 dpf or 9 dpf, behavioral deficits persisted.
Table 3: Motor Function with Ag+ Exposure
Rx

H2O
NaNO3
0.1 µM
AgNO3
0.1 µM
AgNO3
0.3 µM

Day Post-Fertilization
1

2

3

4

5

6

7

8

9

10

15/24

15/24

23/24

24/24

21/24

20/24

20/23

19/23

22/22

22/22

15/24

15/24

23/24

24/24

21/24

20/24

20/23

19/23

21/21

21/21

15/24

15/24

23/24

24/24

21/24

19/23

20/23

19/23

21/21

21/21

15/24

14/23

22/23

23/23

20/23

18/22

19/22

18/22

21/21

20/20

Data represent the ratio fish capable of movement: total number of fish in each
treatment group.
Finally, we followed the survival of larvae exposed to 0.1 or 0.3 µM Ag+ after the
conclusion of behavioral testing. Neither concentration affected survival up to 10 dpf
but there was a subsequent decrease in the Ag+-exposed groups relative to either the
H2O or NaNO3 controls over the ensuing month (Figure 13B). To some extent, though,
the effect represented an acceleration of the natural attrition rate. When we examined
survival at about three months of age, the H2O control group exhibited 32% survival and
the figure for the 0.3 µM NaNO3 group was 40%; the value for the group exposed to 0.1
µM AgNO3 was similar (30%) but the fish exposed to the higher, 0.3 µM AgNO3
concentration was still significantly lower (11%).
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Figure 13: Effects of Ag+ on larval swimming behavior and survival
(A) distance swum on 5 dpf and 10 dpf after AgNO3 exposure 0-5 dpf, (B)
percentage of fish surviving through 40 dpf. In (A) data represent means and
standard errors. The number of fish used in each group on 5 and 10 dpf were
as follows: 48 and 40 for H2O; NaNO3, 24 and 21 at 0.1 µM, 23 and 19 at 0.3
µM; AgNO3, 24 and 20 at 0.1 µM, 49 and 38 at 0.3 µM. ANOVA across all
treatments is shown at the top of the panel; asterisks below the x-axis denote
treatments significantly different from H2O and daggers denote where the
AgNO3 group is significantly different from NaNO3. Abbreviation: NS, not
significant. In (B) the number of fish used in each group were as follows: 24
for H2O; 23 for NaNO3; 23 for 0.1 µM AgNO3, 24 for 0.3 µM AgNO3. Asterisks
denote treatments significantly different from H2O (χ2 test or Fisher’s Exact
Test; see Materials and Methods) and daggers denote where the AgNO3 group
is significantly different from NaNO3.

3.4 Discussion
This work is the first to show that Ag+ concentrations below the threshold for
dysmorphology or effects on embryonic viability, nevertheless alter swimming
performance. Importantly, changes in behavior were predictive of decreased survival
later in life, suggesting that developmental Ag+ exposure has persistent effects not
immediately observable during embryonic development. In contrast, the effects of
relatively high Ag+ concentrations were immediately observable as delayed hatching,
decreased embryonic survival and frank dysmorphology. Thus, developmental Ag+
exposure has effects in vivo that are highly concentration-dependent, with apparently
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lower, otherwise nontoxic exposures resulting in behavioral impairments and ultimately
compromising long-term survival.
Embryonic exposure to Ag+ at 1 µM or above overtly affected development,
either by eliciting mortality and dysmorphology or delaying hatching. These findings
recapitulate the effects of high Ag+ exposure in rats (Shavlovski et al. 1995), further
supporting the zebrafish as a complementary model for evaluations of developmental
toxicity. The gross impairment of development is not unexpected given the ability of
Ag+ to compromise DNA and protein synthesis and to evoke oxidative stress, as
demonstrated in our previous study (Chapter 2) and in prokaryotes (Feng et al. 2000; Le
Pape et al. 2004). Although multiple mechanisms likely underlie more subtle effects like
delayed hatching, there is a strong neural component to this non-behavioral endpoint
(Schoots et al. 1983), suggesting that Ag+ alters neuronal phenotypes in vivo similar to
our findings in Chapter 2.
Below the concentrations that affected hatching, we found a delay in swim
bladder inflation. Recent work points to cholinergic signaling as a key step in this
developmental event (Robertson et al. 2007), again pointing to the involvement of
neurodevelopmental disruption. Indeed, our findings in PC12 cells indicate that Ag+
suppresses expression of the cholinergic phenotype, which would be consistent with this
explanation. Regardless of the mechanism, this could have serious consequences for fish
populations, since swim bladder inflation shortly after hatching is thought to decrease
energy demand by minimizing the mass-to-volume ratio of larvae as they begin
swimming up to the water surface to find food (Robertson et al. 2007).
Our most notable finding, however, was that low concentrations of Ag+
decreased behavioral performance in the swim test on both 5 dpf and 10 dpf, with the
latter point well past the end of Ag+ exposure and at a stage when swim bladder
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inflation was completed in the exposed fish. Given that there was no underlying motor
incapacity and that the Ag+-exposed group responded normally to touch, it is highly
likely that Ag+ alters the development of the central circuits governing swimming.
Importantly, the behavioral changes we observed on 5 and 10 dpf were an early
indicator of subsequent, impaired survival, stemming from either accelerated natural
attrition (0.1 µM Ag+) or compromised the net survival rate (0.3 µM Ag+); whether these
differences lie in further defects in swim bladder maturation (Robertson et al. 2007),
defects in the development or functioning of other organs, or continued behavioral or
functional impairments remains to be seen.
Thus, our results with zebrafish indicate that the adverse neurodevelopmental
effects of Ag+ exposure first identified with in vitro (Chapter 2), also extend to
developing organisms in vivo. We found clear evidence of behavioral impairment at
exposures below the threshold for overt embryotoxicity or delayed hatching, and
independent of delays in swim bladder inflation. In turn, the compromise of behavioral
function was predictive of mortality later in life. Consequently, our next study
evaluated whether there were long-term neurobehavioral effects in fish exposed to Ag+
during development.
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4. Silver Exposure in Developing Zebrafish Produces
Persistent Synaptic and Behavioral Changes
4.1 Introduction
Our findings in developing zebrafish showed that developmental Ag+ exposure
decreased zebrafish survival, embryonic growth, and pigmentation at high
concentrations, while suppressing swimming behavior at lower concentrations (Chapter
3, Powers et al. 2010c). The clear impact of Ag+ exposure during early life stages led us
to investigate whether Ag+ exposure in the first five days post-fertilization (dpf)
produces long-term synaptic and behavioral changes in adulthood. For our evaluations,
we used a behavior test that that links anxiety to learning, an approach chosen because
developmental exposure to other heavy metals augments anxiety-like behaviors in adult
rodents (Maia et al. 2009; Moreira et al. 2001). Since the two monoamine
neurotransmitters dopamine (DA) and serotonin (5-hydroxytrypamine, 5HT) play
important roles in fear-based learning, visuospatial tasks and anxiety (Kim et al. 1997;
Tran et al. 2008), we evaluated whether there were alterations in either monoamine
corresponding to the changes in behavior that we observed.

4.2 Methods
4.2.1 Animals
All experiments were carried out humanely and with regard for alleviation of
suffering. Protocols were in accordance with all federal and state guidelines and
underwent approval by the Duke University Institutional Animal Care and Use
Committee. Procedures for maintenance of embryonic, larval and adult zebrafish, and
for exposures to AgNO3 and NaNO3 were described previously (Chapter 3(Powers et al.
2010c). Briefly, all fish were kept at 28.5°C on a 14/10 h light/dark cycle. Embryos were
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exposed to AgNO3 or control treatments from 4 hours post-fertilization to 5 dpf and
maintained with daily solution renewals. We chose the AgNO3 concentrations based on
our larval studies that showed overtly toxic effects on embryonic and larval
development at higher concentrations but behavioral effects at lower concentrations that
did not induce morphological defects (Chapter 3). Adults were housed in tanks with
continuous fluid recirculation of 0.013% SeaChem (SeaChem Laboratories Inc., Madison,
GA) and 0.05% InstantOcean (InstantOcean, Cincinnati, OH).

4.2.2 Neurochemical Testing
For neurochemical determinations (Eddins et al. 2009), adult fish (3 months old)
were anesthetized in 4°C H2O before decapitation and brain dissection. Tissues were
deproteinized with 0.1 N perchloric acid and then analyzed by high performance liquid
chromatography with electrochemical detection (Eddins et al. 2009). A standard was
run to enable calculation of the amounts of DA, 3,4-dihydroxyphenylacetic acid
(DOPAC), 5HT and 5-hydroxyindoleacetic acid (5HIAA). Neurotransmitter turnovers
were then determined from the metabolite ratios, DOPAC/DA and 5HIAA/5HT.

4.2.3 Behavioral Testing
All behavioral testing took place during the light phase, between 8:00 and 17:00 h,
using a spatial orientation task triggered by an aversive stimulus (Eddins et al. 2009).
Briefly, the testing apparatus consisted of a tank divided horizontally into three
chambers with horizontal stripes along the length of one side of the tank to enable
spatial orientation. To begin the test, a single fish was placed in the center chamber and
was allowed to acclimate to the tank for 30 s. The dividers between chambers were then
opened, allowing movement into either of the two side chambers. After five initial trials
to establish which side the fish swam to most consistently (“preferred side”), ten
sequential test trials were carried out in the same manner, again with 30 s between trials.
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If the fish swam to the preferred side, a partition was moved to squeeze the chamber to a
smaller volume and the fish was held in the confined space for 60 s. If the fish swam to
the non-preferred side, it was allowed to swim freely in the unrestricted chamber for 60
s.

4.2.4 Data Analysis
Data were compiled as means and standard errors. Neurochemical data were
assessed using ANOVA with treatment as a factor, followed by the post-hoc Fisher’s
Protected Least Significant Difference Test for pairwise comparisons of individual
treatments. Behavioral data were combined into groups of two trials (trial 1-2, 3-4, 5-6,
7-8, 9-10) and the rate of learning was determined by linear trend analysis (slope of
percent choosing the non-squeezed side over number of trials) across treatments, using
the same statistical procedures. The sequential values for each fish were used to
calculate the slope of learning and the mean and SE were then determined for the linear
trend in each treatment group. Significance for all tests was assumed at p < 0.05 (twotailed). Effects of Ag+ were considered biologically relevant only if the exposed fish
were significantly different from both untreated controls (designated as the “H2O”
group) and from fish exposed to equivalent concentrations of NaNO3.

4.3 Results
Embryonic exposure to Ag+ had no effect on DA levels in adult zebrafish (Figure
14A). In contrast, DA turnover was markedly increased in a monotonic, dose-related
manner (Figure 14B). The 0.3 µM NaNO3 treatment also elevated the DOPAC/DA ratio,
but the two higher concentrations of Ag+ had effects that were clearly distinguishable
from that of NaNO3. NaNO3 lowered 5HT levels significantly and in this case, there was
no discernible effect of Ag+, which reduced 5HT only to the same extent as NaNO3
(Figure 14C). Nevertheless, 5HT turnover showed the same, significant Ag+-induced
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increase as DA turnover, with substantial elevations of the 5HIAA/5HT ratio that were
distinguishable from both the untreated control group (H2O) and from zebrafish that
had been exposed to NaNO3 (Figure 14D).

Figure 14: Effects of 0-5 dpf Ag+ exposure on neurotransmitter levels and turnover in
adult brain.
A) DA, (B) DOPAC/DA, (C) 5-HT, (D) 5HIAA/5HT. ANOVA across all
treatments is shown at the top of the panel. Asterisks denote treatments that
differ significantly from the H2O control group and daggers differences
between AgNO3 and NaNO3. NS, not significant.
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Figure 15: Effects of 0-5 dpf Ag+ exposure on behavioral performance in adulthood.
(A-E) the percentage of fish in each treatment group choosing the non-squeezed side,
(F) the linear trend across time blocks. ANOVA appears at the top of panel F;
asterisks denote treatments that differ significantly from the H2O control group and
daggers differences between AgNO3 and NaNO3. The number of fish used in each
group were as follows: 17 for controls; NaNO3, 22 at 0.03 µM, 18 at 0.3 µM; AgNO3,
19 at 0.03 µM, 14 at 0.1 µM.
Over the course of ten trials, fish in all groups showed an increase in swimming
to the non-squeezed side (Figure 15A-E; p < 0.0001 for the main effect of trial), reflecting
successful pairing of the aversive stimulus (squeezing) and spatial orientation
(swimming to the non-squeezed side). When compared to controls, fish exposed to Ag+
on 0-5 dpf showed a more rapid behavioral acquisition, indicated by the greater linear
increase of fish swimming to the non-aversive side over the ten trials (Figure 15F). This
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did not reflect overall increases in swimming activity, since there were no differences in
response latency (the time that fish took to swim to the chosen chamber (Table 4).
Table 4: Response Latency
Rx
H 2O
(17)
NaNO3 0.03 µM
(22)
NaNO3 0.3 µM
(18)
AgNO3 0.03 µM
(19)
AgNO3 0.1 µM
(14)

Average
Latency
(sec)

SE

15

3

15

2

10

2

8

1

10

2

Data represent the mean latency across all ten trials for fish in each group
to swim to either side of a three-chambered tank. Number of animals in
each group is denoted in parentheses below the treatment.

4.4 Discussion
Early developmental exposure to Ag+ elevated DA and 5HT turnover in adult
zebrafish. These changes cannot be explained by alterations in neurotransmitter levels,
and thus are indicative of increased presynaptic activity for these two neurotransmitters.
By itself, this finding indicates that embryonic Ag+ exposure leads to long-term changes
in synaptic function, but of course it is important to show how these cellular changes
relate to neurobehavioral alterations. DA and 5HT play important roles in reward,
anxiety and sensorimotor integration (Bencan et al. 2009; Eddins et al. 2010; Eddins et al.
2009; Egerton et al. 2009; Kranz et al. 2010; Nordquist and Oreland 2010) and many other
neurodevelopmental disruptors elicit behavioral changes through effects on
neurocircuitry and programming of these particular pathways (Frederick and Stanwood
2009). Importantly, developmental exposure to other heavy metals augments anxiety65

like behaviors in adult rodents (Maia et al. 2009; Moreira et al. 2001). To evaluate
whether developmental Ag+ also altered anxiety-like behaviors, we tested whether fish
exposed to Ag+ during development responded differently in a behavioral test that
combines avoidance and spatial learning, by using anxiety (squeezing the swim
chamber) to trigger spatial choice. In keeping with the neurochemical findings, Ag+
exposed fish demonstrated a more rapid increase in the percentage of fish swimming to
the non-confining environment when compared to controls. Since the same treatments
produced deficits in swimming behavior in larval stages of development, our findings
point to a persistent pattern of neurobehavioral abnormalities evoked by embryonic
exposure to Ag+. To our knowledge, this is the first study to show that Ag+ is a
neurobehavioral teratogen.
Taken in isolation, our results do not provide a definitive proof that the changes
in monoaminergic synaptic function are causally linked to the behavioral outcomes.
Earlier work in the zebrafish model, however, showed that acute challenge with
nicotine, which similarly evokes an increase in synaptic monoamine release, has the
same effect on behavior as that seen here (Eddins et al. 2009); conversely embryonic
exposure to chlorpyrifos, which reduces dopamine levels, obtunds behavioral
performance (Eddins et al. 2010; Levin et al. 2003). The same relationships are apparent
for monoaminergic function and similar learning tasks in mammals. Activation of DA
circuitry in the hippocampus and midbrain of rodents and non-human primates is
critical for visuospatial tasks (Tran et al. 2008), particularly when learning is triggered by
reward or risk (Schultz 2010). Recent data show that 5HT also plays a critical role in
reward-based learning (Kranz et al. 2010), and similar to our findings, elevations in 5HT
during development enhance fear-based learning in rodents (Kim et al. 1997);
importantly, in the rodent studies, learning improvements were tied specifically to fear
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or avoidance behaviors and thus were not indicative of a general increase in cognitive
ability (Kim et al. 1997). Our conclusions are further bolstered by findings that
developmental exposure to neurotoxicants including other heavy metals, elevates adult
anxiety-like behaviors and enhances performance in tasks linked to anxiety (Maia et al.
2009; Moreira et al. 2001; Pitzer and Schmidt 2009). Importantly, activation of 5HT
pathways during development leads to permanent changes in anxiety, while similar
changes later in life have no persistent effects (Gross et al. 2002), thus highlighting the
susceptibility of neurodevelopment to toxicants like Ag+.
Our results demonstrate, for the first time, that developmental Ag+ exposure
produces lasting changes in DA and 5HT synaptic function, with corresponding
behavioral changes in an aversively motivated spatial learning task. Importantly, the
mechanisms and outcomes seen in the zebrafish model mimic those known to be linked
to the same circuits in mammals, reflecting a continuity spanning different species
(Panula et al. 2006). Given the persistent effects of Ag+ it is critical to assess whether
AgNPs produce similar alterations in mechanisms and measures of neurodevelopment
using in vitro and in vivo models, questions that we addressed in our next studies.
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5. Silver Nanoparticles Compromise Neurodevelopment
in PC12 Cells: Critical Contributions of Silver Ion,
Particle Size, Coating and Composition
5.1 Introduction
As discussed, it is essential to determine the extent to which AgNPs exert their
neurodevelopmental effects through the ability to release Ag+ as compared to aspects
that reflect their characteristics as nanoparticles. Here, we carried out extensive studies
comparing and contrasting the effects of AgNPs with those of Ag+ in replicating and
differentiating PC12 cells. We focused first on comparisons between Ag+ and citratecoated AgNPs (AgNP-C). Next, we investigated the effects of different particle coatings,
sizes and composition, by using polyvinylpyrrolidine-coated AgNPs (AgNP-PVP), as
well as uncoated silica nanoparticles (SiNPs) to determine whether effects could be
elicited simply by particles of the same size, regardless of the main composition
constituent.
Our evaluations were modeled after the work on the developmental
neurotoxicity of Ag+ described in Chapter 2, focusing on antimitotic effects, inhibition of
protein synthesis, oxidative stress, impaired viability and neurodifferentiation into
acetylcholine (ACh) and dopamine (DA) phenotypes. Here, we show that the effects of
AgNPs do not solely reflect their ability to release soluble Ag+, but instead are
influenced by specific nanoparticle characteristics that dictate different biologic
outcomes.

5.2 Materials and Methods
5.2.1 Nanoparticle preparation and characterization
AgNP-C was synthesized at Duke University using established methods (Lee
and Meisel 1982). AgNP-PVP and uncoated SiNPs were purchased in powder form
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from Nanostructured & Amorphous Materials Inc. (Houston, TX). PVP was kindly
provided by Dr. Mark Wiesner (Duke University, Pratt School of Engineering). Stock
suspensions of nanoparticle powders were prepared in ultrapure water, sonicated
continuously at 89-95 W power with amplitude set at 100% for 20 min in an ice bath
using a Sonicator 4000 (Misonix, QSonica LLC, Newton, CT) equipped with a ½ inch
diameter flat titanium tip.
Both types of AgNPs were prepared in stock solutions equivalent to a nominal
concentration of 1 mM Ag. For AgNP-C this concentration was achieved by using 1 mM
AgNO3 to synthesize the particles. For AgNP-PVP, we weighed out the appropriate
volume of powder corresponding to 1 mM Ag, based on the percent composition from
the manufacturer’s specifications. SiNP stock suspensions were made up so as to have
an equivalent particle concentration as used for the 10-nm AgNPs, based on AgNP and
SiNP particle volumes and densities. Table 5 describes the concentration of each stock
suspension in terms of the nominal Ag concentration (concentration corresponding to
the Ag concentration that would achieved if all the Ag were freely dissolved), the
concentration of particles and the mass of particles per ml.
Table 5: Nanoparticle stock suspension concentrations
AgNP-C

AgNP-PVP

AgNP-PVP

SiNP

10 nm

10 nm

50 nm

25 nm

Measure
nominal Ag (mM)
particles/ml
µg/ml

1
2 × 10
108

1
13

2 × 10
108

1
13

3 × 10
108

0
11

2 × 1013
374

Dry particle size and morphology were evaluated using transmission electron
microscopy at 160 kV (FEI Tecnai G2 Twin, Hillsboro, OR) by adding 10 µl of sample to
a lacey carbon/Cu grid (300 mesh, Electron Microscopy Sciences, Hatfield PA) and
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allowing samples to air dry. Images were analyzed using Image-Pro version 4.5 (Media
Cybernetics, Inc., Bethesda, MD). Particle size in suspension was assessed using
dynamic light scattering using a CGS 3 (ALV-GmbH, Germany) equipped with a
helium-neon laser (633.4 nm) and goniometer. Suspensions were analyzed at 25° C in 5
mm diameter cells with the photomultiplier set to a scattering angle of 90°. The nominal
Ag concentration in stock suspensions was measured using inductively coupled plasmaoptical emission spectroscopy (Prism ICP High Dispersion, Teledyne Leeman Labs,
Hudson, NH) and graphite flame atomic absorption (Perkin Elmer INC. Waltham, MA).
For PVP-coated particles the polymer concentration was measured by baking the
particles at 540° C for 18h in a muffle furnace and the pure silver weight was calculated
from the weight of residual silver oxide formed at the end of baking. The concentration
of any free PVP was assessed using a total organic carbon analyzer (TOC-5050A,
Shimadzu, Columbia, MD).

5.2.2 Cell cultures and assays
All the materials, cell culture and assay techniques used in this study were the
same as in Chapter 2. We incorporated a number of different controls in our cell culture
assays to account for differences specific to each type of nanoparticle or experimental
condition and these are detailed in the figure legends. In our previous study we found
no effect of nitrate ion on any of these parameters (Chapter 2), and thus did not include
this additional control in the current study. Similarly, we did not perform controls with
citrate, since the culture medium already contains it in substantial concentrations from
the added fetal bovine and horse serum.

5.2.3 Data analysis
All analyses were carried out as described in Chapter 2.

70

5.3 Results
5.3.1 Nanoparticle characteristics
The vast majority of nanoparticles was spherical. AgNP-C was polydisperse
(Figure 16A) with an average dry particle size of 6 nm; 85% were <10 nm and the
remaining 15% were <63 nm (Figure 16B). In suspension, particles swelled or
aggregated, producing a higher hydrodynamic radius compared to dry particles. The
size remained stable over time (Figure 16C), indicating either that aggregated particles
fell out of suspension or that they represented only a small proportion. We examined
the particle concentration under culture conditions over the 48h time period between
medium changes, using spectrophotometry at 540 and 570 nm to assess absorption by
the particles suspended in the cell culture medium, focusing on the highest
concentration (100 µM nominal Ag), which would be most likely to aggregate. The
suspended nanoparticle concentration remained unchanged over 48h: 0.030 OD above
culture medium alone at 24h; 0.034 at 48h (triplicate samples). Thus, particles in
suspension tended to aggregate somewhat over time but maintained their average size
and concentration, indicating that aggregation was not a problem.
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Figure 16: Particle Characterization
(A) Transmission electronic microscopy of AgNP-C, showing both
unaggregated and aggregated nanoparticles. (B) Distribution of AgNP-C dry
particle sizes. (C) Dynamic light scattering measurements of particle diameter
in stock suspensions (mean of 20 measurements), showing slight aggregation
for all particles.
We carried out similar evaluations of AgNP-PVP. Dry particles designated to
have a 10 nm diameter actually averaged 21 nm, 88% at <25 nm and the remainder at
<200 nm. The designated 50 nm AgNP-PVP actually averaged 75 nm, 57% at <81 nm
and the remainder at <200 nm. Our analysis of dry SiNP showed good agreement with
the manufacturer’s stated description of particle size and shape. Similar to AgNP-C,
both PVP-coated particles and SiNP showed a small degree of aggregation once in
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suspension, but the effects were of insufficient magnitude to cause major changes in the
suspended nanoparticle concentration (Figure 16C). We also used a total organic carbon
analyzer to measure the PVP concentration in the AgNP-PVPs. We found PVP
concentrations of 15 and 13% of total AgNP weight for 10 and 50 nm particles
respectively, markedly higher than the manufacturer’s stated concentrations of 0.2-0.3%.
In preparing our stock concentrations, we used 10% PVP (i.e. in between our values and
the manufacturer’s). The measured values for Ag in the dry Ag-PVPs were within 15%
of those expected.
Throughout the results, we present the nanoparticle concentration in two
different metrics: the nominal Ag concentration, defined as the equivalent of having all
the Ag in free solution and as the number of particles per unit volume. The equivalent
amount for each nanoparticle (mass per unit volume) appears in Table 5.

5.3.2 AgNP-C in undifferentiated cells
We first compared the antimitotic effects of AgNP-C with those of Ag+. With a
24h exposure, we found a concentration-dependent decrease in DNA synthesis starting
at AgNP-C corresponding to a nominal Ag concentration of 1 µM but in all cases the
effects were smaller than those seen with 10 µM Ag+ (Figure 17A). To determine if
binding of AgNPs to serum proteins was responsible for the smaller effect compared to
Ag+, we measured DNA synthesis in cells exposed to AgNP-C or Ag+ with and without
serum for 1h, a span in which cells maintain their viability in the absence of serum
(Figure 17B). Removing serum from the medium greatly enhanced the effect of Ag+,
reflecting a high degree of binding to serum proteins. However, there was no
corresponding enhancement for AgNP-C.
To determine if the reduction in DNA synthesis evoked by AgNP-C reflected a
specific action on mitotic activity, we examined corresponding effects of a 24h exposure
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on protein synthesis (Figure 17C). For Ag+, the reduction in protein synthesis was much
smaller than that seen for DNA synthesis. In contrast, for AgNP-C, protein synthesis
was inhibited to about the same extent as had been seen for its effects on DNA synthesis
up to a nominal Ag concentration of 10 µM. However, unlike the situation for DNA
synthesis, the effect on protein synthesis was lost at higher concentrations.
In undifferentiated cells, Ag+ produced robust oxidative stress after a 24h
exposure, whereas AgNP-C was ineffective (Figure 17D). Likewise, Ag+ was much more
cytotoxic, evoking a large reduction in cell viability compared to the much smaller effect
of AgNP-C (Figure 17E); similar to the effect on protein synthesis, AgNP-C above a
nominal Ag concentration of 10 µM became less effective. Finally, measures of cell
number after a 24h exposure (DNA content) confirmed that Ag+ evoked a much greater
cell loss than did AgNP-C (Figure 17F) and again, we saw a nonmonotonic effect of the
nanoparticles.
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Figure 17: Effects of AgNP-C on undifferentiated PC12 cells.
(A) DNA synthesis (24h exposure), (B) DNA synthesis in the presence or
absence of serum (1h exposure), (C) protein synthesis (24h exposure), (D)
oxidative stress (24h exposure), (E) trypan blue exclusion (24h exposure) and (F)
DNA content (24h exposure). Data represent means ± SE of the number of
determinations in parentheses. ANOVA for each panel indicated a main
treatment effect (p < 0.0001; (A) F7,110=9.2, (B) F7,88=123, (C) F7,87=8.7, (D)
F5,69=32, (E) F5,42=44, (F) F7,249=6.1) and asterisks denote values that differ
significantly from the corresponding control (p < 0.05 or better by Fisher’s
Protected Least Significant Difference Test). To achieve 100 µM AgNP-C, the
culture medium was diluted 10% with AgNP-C stock solution, and then
isotonic NaCl and NaHCO3 were added to achieve isotonicity and to match the
NaHCO3 concentration normally in the medium; accordingly, these samples
have separate controls with the same additions (HC Control = high
concentration control).
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5.3.3 AgNP-C in differentiating cells
Unlike the situation in undifferentiated cells, AgNP-C exceeding a nominal Ag
concentration of 3 µM produced significant oxidative stress after 4d of exposure, in the
same range as Ag+ (Figure 18A). Increased oxidative stress was not secondary to general
cytotoxicity, as the AgNP-C effect on viability remained much smaller than that of Ag+
(Figure 18B); furthermore, although the dose-effect relationship was monotonic for
oxidative stress, it was nonmonotonic for loss of viability. At the same 4d exposure, cell
number decreased much more at 10 µM Ag+ than at comparable or higher
concentrations of AgNP-C (Figure 18C); for AgNP-C, there were small but significant
decrements at nominal Ag concentrations of 10 and 100 µM, albeit not at 30 µM.
Furthermore, by 6d of exposure, cell number recovered so that there was no detectable
loss at any concentration and in fact, there was an increase in cell number at the lowest
AgNP-C concentration (Figure 18C); in contrast, exposure to Ag+ simply produced a
progressive cell loss beyond that seen at the 4d point.
We also assessed indices of cell growth and neurodifferentiation. None of the
AgNP-C concentrations produced significant changes in an index of cell size, the total
protein/DNA ratio (µg total protein/ µg DNA: 27 ± 0.5, for control, 28 ± 0.6 for AgNP-C
1 µM, 28 ± 0.8 for AgNP-C 3 µM, 27 ± 0.6 for AgNP-C 10 µM, 27 ± 0.7 for AgNP-C 30 µM;
n = 11-12 per group). Nevertheless, AgNP-C had a progressive effect on the
membrane/total protein ratio, an index of neurite outgrowth, achieving statistical
significance at a nominal Ag concentration of 30 µM (Figure 18D); 10 µM Ag+ impaired
neurite formation to about the same extent. A 6d exposure to AgNP-C at a nominal Ag
concentration of 30 µM clearly decreased emergence of the ACh phenotype (ChAT
activity: control, 109 ± 6 pmol/h per µg DNA; AgNP-C, 69 ± 1; p <0.0001, n=8) without
significantly affecting the DA phenotype (TH activity: control, 118 ± 6 pmol/h per µg
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DNA; AgNP-C, 110 ± 7; not significant, n=8). Accordingly, the TH/ChAT ratio rose
(control, 1.09 ± 0.04; AgNP-C, 1.66 ± 0.10; p < 0.002), indicating a phenotype shift.
Ascorbate prevents the oxidative stress and cell loss caused by exposure to Ag+
(Chapter 2, (Powers et al. 2010b). Accordingly, we performed complementary studies
with AgNP-C at a nominal Ag concentration of 10 µM. We found the same increase in
MDA in the presence of ascorbate (10 µM: 17 ± 2% increase, p <0.0001, n=20) and loss of
DNA (20 ± 2% decrease, p <0.0001, n=20) as without ascorbate (Figure 18A and 18C).

5.3.4 Effects of nanoparticle coating, size and composition
In undifferentiated cells, a 24h exposure to AgNP-PVP with manufacturerdesignated diameters of either 10 or 50 nm at a nominal Ag concentration of 30 µM,
evoked significant decreases in DNA synthesis (Figure 19A); notably the decrement for
the 50 nm AgNP-PVP exceeded that caused by the smaller AgNP-PVP or by AgNP-C.
SiNP had a smaller (nonsignificant) effect than any of the AgNPs. Similar measures of
protein synthesis showed no discernible effect of either 10 or 50 nm AgNP-PVP at
nominal Ag concentrations of 10 or 30 µM, whereas 10 µM AgNP-C clearly inhibited
synthesis (Figure 19B). SiNPs had no effect. With the same 24h exposure to a nominal
10 µM Ag concentration, AgNPs reduced cell number, with the greatest effect from
AgNP-PVP 50 nm, followed by AgNP-C and no effect for AgNP-PVP 10 nm (Figure
19C); yet at a 30 µM nominal Ag the effect of AgNP-PVP 50 nm or AgNP-C was reduced
or lost. Again, SiNPs had no effect.
We next compared the effects of particle size, coating and composition in
differentiating cells. With a 4d exposure, we found oxidative stress for all three types of
AgNPs, whereas SiNP was ineffective (Figure 20A). Either size of AgNP-PVP decreased
cell number at 4d (Figure 20B); by 6d, the effect regressed to normal for the smaller
AgNP-PVP but not for the larger particle. AgNP-C at the same nominal concentration
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had no measurable effect on cell number at either time point (Figure 20B, replicating the
results seen in Figure 18C). Both sizes of the AgNP-PVP increased the index of cell size
at 6d: 9 ± 3% increase in the total protein/DNA ratio for 10 nm AgNP-PVP (p < 0.01,

Figure 18: Effects of AgNP-C on differentiating PC12 cells.
(A) Oxidative stress (4d exposure), (B) trypan blue exclusion (4d exposure), (C) DNA
content (4d and 6d exposures) and (D) Membrane/Total protein ratio (6d exposure).
Data represent means ± SE of the percent change from control and the number of
determinations appears in parentheses. ANOVA for each panel indicated a main
treatment effect (p < 0.01 or better; (A) F6,134=47, (B) F5,42=65, (C) F6,133=37 at 4 days
and F5,74=107 at 6 days, (D) F5,66=3.6) and asterisks denote values that differ
significantly from the corresponding control (p < 0.05 or better by Fisher’s Protected
Least Significant Difference Test). The highest AgNP-C concentration had separate
controls (HC control, see legend to Figure 13).
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Figure 19: Effects of particle size, coating and composition in undifferentiated PC12
cells after a 24h exposure.
(A) DNA synthesis, (B) protein synthesis, (C) DNA content. Data represent
means ± SE of the percent change from control and the number of determinations
appears in parentheses. ANOVA for each panel indicated a main treatment effect
(p < 0.003 or better; (A) F5,67=7, (B) F7,50=9.2, (C) F9,90=5.4) and asterisks denote
values that differ significantly from the corresponding control (p < 0.05 or better
by Fisher’s Protected Least Significant Difference Test). The PVP control group
contained the same volume of a 10% PVP stock solution as that of the AgNP-PVP
added to the test cultures.
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n=20), 7 ± 2% increase for 50 nm AgNP-PVP (p < 0.04, n=20; control ratio 27.8 ± 0.4
µg/µg) but had no significant effect on the membrane/total protein ratio (µg membrane
/ µg total protein: 190 ± 9 for control, 191 ± 10 for 10 nm AgNP-PVP, 191 ± 9 for 50 nm
AgNP-PVP, n=12 in each group).
Samples with corresponding concentrations of AgNP-C run concurrently with
the AgNP-PVP showed no significant difference in total protein/DNA. Finally, 10 nm
AgNP-PVP enhanced differentiation into the DA phenotype, as indicated by a
significant increase in TH activity relative to control values, but neither 50 nm AgNPPVP nor AgNP-C had a comparable effect (Figure 20C). In contrast, all three types of
AgNPs suppressed the ACh phenotype as shown by deficits in ChAT activity, but
AgNP-C and 50 nm AgNP-PVP were more effective than the smaller-diameter AgNPPVP. Although the underlying components differed, all of the AgNPs increased the
ratio of TH/ChAT (Figure 20D), reflecting diversion of cells toward the DA phenotype
and away from the ACh phenotype; the net effect was greatest for the larger-diameter
AgNP-PVP.
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Figure 20: Effects of particle size, coating and composition in differentiating PC12
cells.
(A) oxidative stress (4d exposure), (B) DNA content (4d and 6d exposure),
(C) TH and ChAT (6d exposure) and (D) TH/ChAT ratio (6d exposure). Data
represent means ± SE of the percent change from control and the number of
determinations appears in parentheses. ANOVA for each panel indicated a main
treatment effect (p < 0.02 or better) and asterisks denote values that differ
significantly from the corresponding control (p < 0.05 or better by Fisher’s Protected
Least Significant Difference Test).
81

5.4 Discussion
Our results provide some of the first evidence that AgNPs can act as
developmental neurotoxicants in a model of neuronal cell replication and
differentiation. They further point to compound effects that depend not only on the
release of Ag+ but also on particle size, coating and composition. Indeed, if AgNPs acted
solely by releasing soluble Ag+, then all their effects would resemble those of lower
concentrations of the soluble ion, since a large proportion of the Ag+ is contained with
the particles, and thus not available for interaction with the cells. In that case, we would
expect to see a decline in AgNP effect with increasing particle size because the smaller
surface-to-volume ratio of larger particles would render less of the Ag+ available to
dissolve. While some of our findings followed this predicted pattern, others clearly did
not, resulting in clear similarities and dichotomies between Ag+ and AgNP exposure in
both undifferentiated and differentiating cells.
In undifferentiated cells AgNP-C evoked effects in same direction but which
were decidedly smaller than those from the same concentration of freely-dissolved Ag+
for comparisons of DNA synthesis, oxidative stress, viability and cell loss. Yet, this was
not true for the role of plasma protein binding on DNA synthesis, nor for the effects on
protein synthesis; for the latter, AgNP-C was as effective as Ag+ and showed a
nonmonotonic effect that was not seen in our earlier work with Ag+ (Chapter 2, Powers
et al. 2010b). The same pattern of some similarities coupled with important dichotomies,
was apparent in differentiating cells. AgNP-C produced oxidative stress, decreased
viability, cell loss and impaired neurite formation, in each case requiring a higher
concentration to produce effects equivalent to those seen from the freely-dissolved Ag+.
Likewise, in our earlier work with Ag+ we found a biphasic effect on DNA content
between 4d and 6d of exposure just as seen here for AgNP-C, but involving a lower Ag+
82

concentration. Nevertheless, AgNP-C failed to evoke the cell enlargement (increased
total protein/DNA) seen with Ag+; furthermore, ascorbate did not protect cells from the
oxidative stress and cell loss caused by AgNP-C, whereas the same treatment protects
against Ag+ (Chapter 2, Powers et al. 2010b). Finally, the studies with the two sizes of
AgNP-PVP showed a relationship opposite to that which would be expected just from
release of Ag+ from the particle surface: at the same nominal Ag concentration, the
larger nanoparticle had greater effects on DNA synthesis and content and caused a
higher degree of disruption in oxidative stress and neurotransmitter phenotype.
Clearly then, the neurotoxic actions of AgNPs involve significant contributions
from nanoparticle formulation, albeit not from just the physical dimensions, since SiNPs
were generally ineffective in producing the effects seen with the AgNPs. Nanoparticles
can produce their unique effects either through altering access to the interior of the cell
(toxicokinetic effects) or through eliciting responses that differ from that of the freelydissolved materials (toxicodynamic effect). Our results for effects on DNA synthesis
with and without serum effectively eliminate the possibility that a reduced effect of
AgNPs results from binding to serum proteins; in fact, we found the opposite, namely
that removal of serum greatly enhanced the effect of Ag+ but not that of AgNP-C.
Similarly, we can rule out the possibility that nanoparticle aggregation limits the
concentration of Ag+ available for biologic effects for two reasons. First, we saw little
evidence for significant changes in the net nanoparticle size or concentration over time.
Second, aggregation would produce a parallel change in all the measured effects,
whereas we saw monotonic concentration-response curve for some variables but
nonmonotonic effects for others.
Instead, our results provide conclusive evidence for unique biologic effects of
AgNPs, distinct from the actions of freely-dissolved Ag+ and unrelated to simple
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toxicokinetic attributes. The key findings that support this interpretation are: (1) The
lack of AgNP-C selectivity toward DNA vs. protein synthesis in undifferentiated cells,
whereas Ag+ is highly selective toward the former macromolecule. (2) The inability of
ascorbate to protect cells from oxidative stress and cell loss caused by AgNP-C, whereas
the same antioxidant is protective against Ag+ (Chapter 2,(Powers et al. 2010b); this
implies that cell loss from AgNP-C reflects a different underlying mechanism and that,
for the nanomaterial, oxidative stress is a result of cytotoxicity, not a cause of it. (3) The
greater inhibition of protein synthesis at lower AgNP-C concentrations and a loss of
effect at higher concentrations, totally distinct from the monotonic dose-effect
relationship for Ag+ (Chapter 2, Powers et al. 2010b); this indicates that low AgNP-C
concentrations disrupt protein synthesis through a mechanism unrelated to freelydissolved Ag+. (4) The restricted effect of AgNP-C to suppress the ACh phenotype,
whereas Ag+ affects both ACh and DA phenotypes (Chapter 2, Powers et al. 2010b).
A comparison of AgNP-C with the two sizes of AgNP-PVP readily illustrates the
roles of nanoparticle coating and size. Particle coatings clearly affected biological
outcomes: one or both of PVP-coated particles had greater effects than AgNP-C toward
cell loss, cell size and promotion of TH activity, yet the AgNP-PVPs had no effect on
protein synthesis; if the coating simply altered the dissolution of Ag+, then all the
comparative effects would have been similar. At the same time, the larger diameter
AgNP-PVP had greater effects than the smaller nanoparticles on most of the outcomes.
Studies with gold nanoparticles show that particles 50 nm are actively taken up into cells
whereas smaller particles are not (Johnston et al. 2010), thus providing a possible
explanation for the generally greater effects seen here for the larger AgNP-PVP. This
was not the case, however, for the effects on differentiation into neurotransmitter
phenotypes, where the 10 nm AgNP-PVP had promotional effects on DA greater than
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that obtained with the 50 nm nanoparticle. Thus, AgNPs not only elicit effects distinct
from those of Ag+ but also display important differences that are dictated by particle size
and coating and that are specific to each biological process. This finding strongly
indicates that AgNPs act biologically as nanoparticles and not just as a source of Ag+.
Although we present strong evidence that AgNPs work through a combination
of Ag+ release and mechanisms that reflect actions of the AgNPs themselves, more work
is clearly needed to understand the mechanisms underlying nanoparticle effects and the
interactions of nanoparticles with extracellular and intracellular components. With
regard to the former, our data show that immediate, antimitotic effects of AgNPs are not
sensitive to the presence of serum proteins but it is certainly likely that interactions
could occur with the more prolonged exposures that would occur in vivo or as particles
interact with proteins on the cell surface. Indeed, addition of serum mitigates the loss of
viability during a 24h exposure to AgNPs in mouse keratinocytes (Murdock et al. 2008).
Secondly, the diminished effects of AgNP-C vs. Ag+ toward oxidative stress in
undifferentiated cells and toward viability in either differentiation state, as well as
nonmonotonic effects for these and other variables, may reflect protective actions of the
citrate coating. Soluble citrate could supplement cellular metabolic and biosynthesis
demands (Bauer et al. 2005), thereby ameliorating effects of AgNP exposure. This could
also explain why the 50 nm AgNP-PVP, despite its larger size, had generally greater
effects than AgNP-C at the same nominal Ag concentration.
Our findings point to the likelihood that AgNPs are developmental
neurotoxicants that will display a wide window of vulnerable stages, ranging from
events in early development (mitosis, cell survival), through later stages of
neurodifferentiation. The nonmonotonic dose-response relationships seen with the
nanoparticles, along with the dependence on coating and size, all point to multiple
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mechanisms of action, rather than a single mechanism. Accordingly, it is important to
consider whether AgNPs elicit similar effects in vivo, and thus we returned to the
zebrafish model to compare Ag+ and AgNPs for in our final studies
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6. Silver Nanoparticles Alter Zebrafish Development and
Larval Behavior: Distinct Roles for Particle Size, Coating
and Composition
6.1 Introduction
To parallel our in vitro studies showing that AgNPs impair mechanisms of
neurodevelopment in ways distinct from Ag+ and dependent on phyiscochemcial
characteristics, we next compared AgNPs to Ag+ in the zebrafish model. Here, we
carried out studies similar to our cell work by evaluating neurobehavioral outcomes
after embryonic exposure to Ag+ or to the same three types of AgNPs used in our
previous study. First, we compared the effects of Ag+ to those of 10 nm AgNP-C for
their effects on zebrafish development, survival and morphology over a wide range of
concentrations. We then evaluated whether a concentration that had little or no effect on
these parameters affected larval swimming responses to different lighting conditions.
Finally, we assessed the roles of coating and size in the outcomes by comparing 10 nm
AgNP-C to 10 and 50 nm AgNP-PVPs.

6.2 Materials and Methods
6.2.1 Reagents
All reagents are described in Chapter 4. For this study we also measured the
nominal Ag concentration of particles in embryo medium or H2O by taking an aliquot
near the top of suspensions to mimic exposures in our 96-well plates; the wells have a
mesh at the bottom that restricted fish to the upper portion. Samples were measured
using inductively coupled plasma-optical emission spectroscopy (Prism ICP High
Dispersion, Teledyne Leeman Labs, Hudson, NH).
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6.2.2 Animals.
All experiments were approved by and carried out in accordance with guidelines
of the Institutional Animal Care and Use Committee at the U.S. EPA National Health
and Environmental Effects Research Laboratory. The methods for housing,
maintenance, breeding, embryo selection and rearing were as previously described
(MacPhail et al. 2009). Briefly, all studies used wild type zebrafish raised individually in
96-well mesh-bottom (40 µm nylon) microtitter plates (MultiscreeenTM catalog
#MANMN4050, Millipore Corp., Bedford, MA). Each well contained 250 µl of 10%
Hanks Balanced Salt Solution (13.7 mM NaCl, 0.54 mM KCl, 24 mM Na2PO4, 44 mM
KH2PO4, 130 mM CaCl2, 100 mM MgSO4, 420 mM NaHCHO3) or test solution brought to
a final concentration in this medium.

6.2.3 Embryonic toxicity
We began the embryonic exposures to test compounds at approximately 6 hours
post-fertilization. We renewed the test solutions and observed fish every 24h, up to 4
days post-fertilization (dpf). On 5 dpf, larvae were placed in 10% Hanks solution alone
and observations were made over the ensuing 24h period to characterize mortality,
dysmorphology, hatching, and swim bladder inflation. On 6 or 7 dpf (either at the end
of behavioral testing or on the next day), we evaluated dysmorphology in six categories:
1) spine (e.g. stunted skeletal growth, kink in tail), 2) fins (e.g. stunted fins), 3)
cranial/facial (e.g. ocular edema, small otoliths), 4) thorax (e.g. distension, tube heart), 5)
abdominal (e.g. distension, emaciation), 6) position in the water column (e.g.
fluttering/trembling, lying on side or back). If an animal had a malformation in any of
the six categories, a score of 1-4 was assigned to that deformity, with higher scores
signifying a more severe developmental problem. A number of different malformations
could occur in each of the six categories and thus scores for individual malformations
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were summed to generate a net category score. The scores for all of the categories were
then summed, resulting in a total score ranging from 0-34, with higher scores denoting
more severely malformed fish. Those with a score of 0-3 were deemed “normal”,
whereas those with a score of 4-34 were deemed “abnormal”. This categorization was
determined based on the observation that the vast majority of the control animals score
in the range of 0-3. Animals that had not hatched by the time of assessment were not
scored and these animals were counted as “dead.” Of the 1920 fish included in this
study, three live fish had not hatched by 6 dpf, two of which had been treated with
AgNP-C at a 30 µM nominal Ag concentration, and one with AgNP-C at a 10 µM
nominal Ag concentration, and only one of these fish survived until 7 dpf.

6.2.4 Larval behavior testing
Testing occurred on 6 dpf (i.e. 24h after the termination of Ag+ or AgNP
exposure) using published procedures (MacPhail et al. 2009). By 09:30h on the day of
testing, animals were transferred to a quiet, dark environment kept at 26°C (the same
temperature as the incubator they were reared in) and evaluations were made between
12:30 and 16:30 h, the diurnal period with the most stable activity (MacPhail et al. 2009).
For testing, larvae were placed under a baffle that excluded extraneous light so as to
permit experimental manipulation of light conditions. In accord with the known
responses to changes in light levels (MacPhail et al. 2009) we recorded activity in five
sequential epochs: 1) 20 min of darkness (infrared illumination), 2) 18 min of a visual
acuity test, (2 min of visible light at 0.0015 lux, below the level of zebrafish visual
perception, followed by 4 min of darkness, then 2 min of visible light at 0.0020 lux, on
the edge of perception, followed by 4 min of darkness, then, visible light at 0.0025 lux,
above their perception level for 2 min, followed by 4 min of darkness), 3) 20 min of
visible light at 5 lux, 4) 20 min of alternating low (0.005 lux) and high (5 lux) levels of
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visible light, 5) 20 min of darkness. Fish movement was recorded and analyzed using
the Noldus tracking system and EthoVision 3.1 software (Noldus Information
Technology, Lessburg VA).

6.2.5 Data analysis
Occasionally, a batch of zebrafish (“batch” defined as embryos fertilized on the
same day) displayed poor overall health and viability even in the absence of toxicant
exposure. Accordingly we applied a criterion that, for a batch to be included in the
study, the control group had to contain at least 85% of fish categorized as “normal” by
the morphological criteria described above. We excluded three batches out of a total of
16. Treatment effects on general development were compared using Fisher’s Exact Test.
Comparisons of toxicants to the control group were considered to be one-tailed because
the exposures were expected only to impair or delay the developmental indices;
however for comparisons between toxicants, we used a two-tailed criterion, since the
groups could differ in either direction.
For behavioral testing, we included only larvae that were deemed “normal” in
the teratology scoring; that is, if a treated larvae had a score >3, we did not include its
behavioral performance in the outcome. Swimming distances were compiled as the
average distance swum in two-minute time periods for each treatment in the plate. We
used nonparametric statistical comparisons for two reasons. First, examination of the
data indicated a non-Gaussian distribution of swimming distance. Second, there were
batch-to-batch differences, so that, although treatment effects were consistent across
batches, the absolute values were variable. Because of these underlying plate-to-plate
differences, all the larvae for a given treatment on a given plate were considered to be
technical replicates of each other (i.e. the plate was considered n=1). For each plate, the
values for all the larvae of a specified treatment group were averaged to make a single
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number corresponding to the average distance swum for each 2 min period; the number
of larvae for each treatment on each plate was typically 16 but varied in individual
experiments from 6-35. Across all the plates, we then compared treated and control
means across the entire testing period using the Wilcoxon Signed Rank Test to
determine if there was a net increase or decrease caused by toxicant exposure; where
this global test was statistically significant, we then evaluated whether the effects
occurred within individual epochs of the test (e.g. dark, visible light, or alternating levels
of visible light). The results are shown for a representative plate for each treatment but
the statistical analyses incorporated all the plates, which are shown in the Supplement.
However, to aid in the visualization of the results, where the Wilcoxon test indicated a
significant difference, we also present chi-square analysis comparing the incidence of
increases and decreases in activity from the paired control values; if exposure had no
effect, then the expected frequency is 50% showing increases and 50% showing
decreases. Significance for all tests was assumed at p < 0.05.

6.3 Results
6.3.1 Particle characterization
We were concerned that AgNPs might fall out of suspension during the 24h
exposure period between changes of solution. To test this, we prepared solutions of
Hanks and H2O with a nominal Ag concentration of 30 µM and then measured the total
Ag concentration in the upper portion of suspensions after 24h. For AgNP-C, 55% of the
Ag remained in suspension, whereas the proportion was much lower for AgNP-PVPs
(~9%). We obtained similar values comparing Hanks solution and water. This
suggested that AgNP-PVPs were aggregating faster than AgNP-C, which we confirmed
using dynamic light scattering to characterize the size of the particles that remained in
suspension. Compared to their measured sizes in H2O, all the AgNPs showed larger
91

sizes in Hanks solution, indicating aggregation of the particles in this medium because
of its higher salt content: AgNP-C, 12 nm in H2O, 28 nm in Hanks solution; smaller
AgNP-PVP, 45 nm and 160 nm, respectively; larger AgNP-PVP 63 and 324 nm,
respectively. However, whereas the size of AgNP-C in Hanks solution remained
relatively unchanged after 24 hr, both of the AgNP-PVPs showed a further increase in
size (AgNP-C, 28 nm at 0 hr, 25 nm at 24 hr; smaller AgNP-PVP, 158 nm at 0 hr, 374 nm
at 24 hr; larger AgNP-PVP, 324 nm at 0 hr, 1153 nm at 24 hr), indicating that these
particles aggregated to a greater extent. Thus, where we make comparisons based on
nominal Ag concentration (the total concentration that would be seen if all the Ag were
in free solution), the actual values are lower for AgNP-C compared to Ag+ and much
lower for AgNP-PVPs, because the larger aggregated size reduces the surface-to-volume
ratio. As seen below, the results for the AgNPs cannot be explained simply by a reduced
amount of total Ag compared to freely-dissolved ions.

6.3.2 Embryonic toxicity of Ag+ and AgNP-C
Most of the control fish hatched by 3 dpf and all hatched by 4 dpf (Table 6). Both
Ag+ and AgNP-C delayed hatching but by 4 dpf, virtually all fish had hatched regardless
of treatment. Furthermore, there was a “ceiling” effect in that increases from 3 µM to 30
µM did not produce a corresponding increase in the incidence of delayed hatching. The
development of swim bladder inflation was less sensitive to AgNP-C, with significant
delays apparent only at levels corresponding to a nominal Ag concentration ≥10 µM.
However, the situation was different for Ag+, which slowed swim bladder inflation at a
concentration where AgNP-C was ineffective (3 µM). Furthermore, the effect of Ag+ on
this parameter showed a progressive increase with higher concentrations, whereas that
for AgNP-C did not. There were also significant dichotomies between Ag+ and AgNP-C
in indices of dysmorphology and mortality (Figure 21A). Silver ion produced a high
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rate of dysmorphology at 30 and 100 µM but much lower rates of mortality (Figure 21A).
In contrast, AgNP-C was virtually equipotent against both these parameters and was
significantly less potent toward dysmorphology, most notably at 30 µM.
Table 6: Hatching and Swim Bladder Inflation with Ag+ or AgNP-C Exposure
0-5 dpf

Data are calculated as a percentage of the number of live fish on 6 dpf. Asterisks
denote treatments that differ significantly from the control group and daggers
denote where AgNP-C differs from Ag+ (Fisher’s Exact Test). For Ag+ at 3 or 10 µM,
the percent hatched on 3 dpf is not distinguishable from either control or AgNP-C at
the same nominal Ag concentration due to the relatively low n. For the same reason,
the values for concentrations below 3 µM or above 30 µM are shown in blue to
denote the fact that are too few subjects to permit an interpretable statistical
evaluation.

6.3.3 Larval behavior with Ag+ and AgNP-C
In general, when the light was switched off, control fish swam more than in the
lighted conditions (Figure 21B), in agreement with earlier work with this testing
paradigm (MacPhail et al. 2009). We began the test in the dark (epoch 1). In the second
epoch, we evaluated the threshold at which fish would detect light and thus show a
rebound increase in swimming when the light was switched off; this first occurred with
the intermediate light intensity. In the third epoch, the light was turned on continuously
93

at the highest intensity, initially suppressing swimming to a maximal extent, followed
by a gradual return of activity. In the fourth epoch, the light was switched repeatedly
between the highest and intermediate intensities to produce a repetitive increase and
decrease in swimming that would depend on their ability to discriminate between the
two intensities. In the fifth epoch, the animals were again exposed only to dark to
ensure that they would still show normal activation of swimming after the preceding
test epochs; this also served to verify that any confounds in epoch 1 related to the initial
transfer to the test apparatus had not generated artifactual changes in swimming
behavior.
We first evaluated the effects of Ag+ at a concentration (30 µM) that had a
significant effect on morphology but not survival; we restricted our determinations to
include only those fish that had normal morphology (Figure 21B). In the dark (epoch 1),
the Ag+-exposed fish were markedly hyperactive and remained so during epoch 2.
Nevertheless, like the controls, the fish still showed a threshold of detection at the
intermediate lighting level in epoch 2, indicating that their visual acuity was normal
despite their overall hyperactivity. When the light was switched on continuously (epoch
3), fish in the Ag+ group showed suppressed swimming, just like the controls, except
that now there was no evidence of hyperactivity, and in fact, across plates, the Ag+
group was significantly less active than the controls in the constant light (Figure 22).
During epoch 4, the rapid switching of lighting conditions evoked the same increases
and decreases in swimming activity that were seen in the controls, but the Ag+ group
was consistently hyperactive at all points; finally, upon return to continuous dark (epoch
5), these fish again demonstrated marked hyperactivity. To summarize the effects across
all plates, the chi-square analysis showed that Ag+ consistently increased activity levels
in epochs 1, 2, 4 and 5 while suppressing activity in epoch 3 (Figure 21C).
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Figure 21: Comparison of Ag+ and AgNP-C for survival and morphology (A) and
behavioral performance (B).
In (A) asterisks denote a significant difference from the control group and
daggers denote differences between Ag+ and AgNP-C (Fisher’s Exact Test). Panel
B shows a representative plate comparing swimming behavior (all 8 plates are
shown in Figure 22). Fish were exposed either to 30 µM Ag+ or AgNP-C at a
nominal Ag concentration of 30 µM. The different lighting conditions for each
epoch are shown schematically by the bar at the bottom: black denotes darkness,
white denotes a high level of visible light, lightly shaded denotes increasing
intensity of visible light, and striped denotes alternating 2-min intervals of
intermediate level and high level visible light. Overall, the Ag+ group is
significantly more active than the control (p < 0.0001; Wilcoxon Test) whereas the
AgNP-C group is not significantly different; notably, though the Ag+ group is
hypoactive specifically in epoch 3 (continuous light). For Ag+, the differences are
also significant for each epoch individually (p < 0.0001 for all individual epochs),
tested across all 8 plates (Figure 22). Panel C shows the results of chi-square
analysis of the incidence of increases and decreases compared to control, carried
out only for the treatment that was significant in the Wilcoxon Test (Ag+).
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In contrast to the effects of Ag+, AgNP-C at a nominal concentration of 30 µM Ag
(a concentration that did not evoke significant dysmorphology or mortality) had no
discernible effect on swimming behavior (Figure 21B). We also evaluated lower
concentrations of AgNP-C (down to 1 µM nominal Ag) and found no effect (Figure 22).

6.3.4 Embryonic toxicity and larval behavior with AgNP-C versus
AgNP-PVP.
We next compared the effect of 10 nm AgNP-C to 10 and 50 nm PVP-coated
particles. Neither AgNP-PVP 10 nor 50 nm affected hatching or swim bladder inflation
at a nominal concentration of 30 µM Ag (Table 7). Similarly, neither size PVP-coated
particle altered morphology or survival (97% of controls designated as normal, 97% for
AgNP-C, 95% for control with added freely-dissolved PVP, 98% for AgNP-PVP 10 nm,
97% for AgNP-PVP 50 nm). Nevertheless, 10 nm PVP-coated particles significantly
depressed swimming behavior in the dark, the opposite effect of that seen with Ag+
(Figure 23A). This did not reflect a loss of visual acuity, since they displayed the same
threshold in epoch 2 and also responded normally to having the light switched on
continuously (epoch 3). They also showed proper increases and decreases in activity in
response to alternating intensities of light (epoch 4), although overall, they were
significantly hypoactive (Figure 24), again opposite to the effect of Ag+. Upon return the
dark (epoch 5), the fish exposed to 10 nm AgNP-PVP again displayed abnormally low
activity. On the whole then, the smaller AgNP-PVP produced net hypoactivity in
epochs 1, 4 and 5, opposite to the effects of Ag+ (Figure 23C).
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Figure 22: All plates comparing behavioral performance with Ag+ & AgNP-C.
In A-D all fish were exposed to either chemical at a nominal Ag
concentration of 30 µM nominal. In E-H fish were exposed to 30 µM Ag+ or
AgNP-C at nominal Ag concentrations spanning 1 to 30 µM.
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Table 7: Hatching and Swim Bladder Inflation with AgNP-C 10 nm, AgNPPVP 10 nm, or AgNP-PVP 50 nm Exposure 0-5 dpf

Data are calculated as a percentage of the number of live fish on 6 dpf.
The dissimilarities were reinforced when we examined the effects of the larger
PVP-coated particles (Figure 23B). These fish showed hyperactivity in the dark (epoch
1), the opposite of what was seen with the smaller AgNP-PVP but, like all the treatment
groups, had normal visual acuity with the appropriate threshold for detecting light-dark
differences (epoch 2). Exposure to 50 nm AgNP-PVP had a unique effect in continuous
light (epoch 3), evoking significant hyperactivity, an effect that was not seen with Ag+,
AgNP-C or 10 nm AgNP-PVP. They showed normal changes in swimming activity with
alternating intensities of light (epoch 4), though like Ag+ they were significantly more
active. Upon return to the dark (epoch 5), fish exposed to the 50 nm AgNP-PVP again
showed hyperactivity akin to that seen in the first epoch. Thus, the larger particles
produced hyperactivity in epochs 1, 3, 4 and 5, an effect distinct from both the 10 nm
AgNP-PVP and from Ag+ (Figure 23C).
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Figure 23: Swimming behavior after exposure to 10 nm AgNP-PVP (A) or 50 nm
AgNP-PVP (B), at a nominal Ag concentration of 30 µM.
Panels A and B show representative plates for each nanoparticle exposure
compared to controls and to PVP alone (all 8 plates are shown in Figure 24).
The schematic representation of lighting in each epoch is as described in Figure
1B but note the change in the ordinate scale from Figure 1B. Across all epochs,
the 10 nm AgNP-PVP group is significantly less active than either the control or
the PVP groups (p < 0.0001; Wilcoxon Test) whereas the 50 nm AgNP-PVP
group is significantly more active (p < 0.0001). For the 10 nm AgNP-PVP group,
differences were significant in individual epochs 1, 4 and 5 (p < 0.01, p < 0.001,
p < 0.0001, respectively). The larger particles were significant in epochs 1, 3,
and 4 (p < 0.01, p < 0.02, p < 0.01, respectively) and on the cusp of significance
(p < 0.06) in epoch 5. For both groups differences in individual epochs were
compiled across all 8 plates (see Figure 24). Panel C shows the results of chisquare analysis of the incidence of increases and decreases compared to control.
The marginal significance for AgNP-PVP 10 nm in epoch 1 reflects the fact that
the chi-square test is less sensitive than the Wilcoxon Test because it does not
take the magnitude of the effect into account.
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6.4 Discussion
This work provides some of the first evidence that AgNPs are neurobehavioral
teratogens in an in vivo developmental model. Equally important, their actions do not
simply reflect the release of Ag+. Indeed, if that were the case, then all four test agents
would elicit effects in the same direction but with a predictable magnitude, namely Ag+
> AgNP-C > AgNP-PVP 10 nm > AgNP-PVP 50 nm. The reason for this prediction is
that the AgNPs tested here are all chemically stable, so that the actual, freely-dissolved
Ag+ concentration for each of them is far less than the nominal concentrations added to
the bath (Meyer et al. 2010). Accordingly, they would all have much smaller effects
when compared to the same nominal concentration of Ag+. Superimposed on that basic
pattern, AgNP-C would have greater effects than the other nanoparticles because the
AgNP-PVPs aggregated to a greater extent, decreasing the surface-to-volume ratio, and
thus reducing the proportion of Ag in contact with the solution. For the same reason,
the smaller AgNP-PVP would have a greater effect than the larger AgNP-PVP. Our
results show a pattern totally unrelated to this predicted order.
Although AgNP-C was much less potent than Ag+ toward disruption of swim
bladder inflation, it impaired hatching with a comparable profile. If dissolution of the
ion from the particles accounted for the effects of AgNP-C we would expect the same
relationship between the particles and ion for both of these measures, and yet they are
clearly distinct. The same dichotomy was seen for the patterns of dysmorphology vs.
mortality: Ag+ elicited dysmorphology to a greater extent than embryonic death,
whereas the opposite was true for AgNP-C.
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Figure 24: All plates comparing behavioral performance with AgNP-C, AgNP-PVP 10
nm, AgNP-PVP 50 nm and PVP
control.
All particle exposures were at a nominal Ag concentration of 30 µM. Note the change in
scale from Supplementary Figure 1 and the difference in scale for Panels C and D.
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Our data further demonstrate that AgNPs alter neurobehavioral endpoints in the
zebrafish in ways wholly different from Ag+. Across a variety of lighting conditions and
challenges, Ag+ exposure evoked hyperresponsiveness, with higher swimming than
controls in the dark, and greater suppression of swimming in light; the latter finding is
in agreement with our earlier report (Chapter 3, (Powers et al. 2010c). The lack of any
comparable effect from AgNP-C exposure points to two possibilities: 1) AgNP-C did
not release sufficient Ag+ to elicit a change in behavior, or 2) the characteristics of the
particle, rather than the release of Ag+ are the most important contributor. The first
option can be ruled out, since AgNP-C altered morphology and evoked embryonic
death even at lower concentrations than those tested for behavior. Instead, our results
point definitively to the second possibility, a conclusion verified by the findings with the
two AgNP-PVPs. The larger AgNP-PVP evoked hyperactivity in virtually all lighting
conditions, indicative of a generalized locomotor activation. This result is distinct not
only from AgNP-C but also from Ag+. We thus have a situation where the particle
releasing the lowest concentration of Ag+ (larger AgNP-PVP) had effects greater than
those of the nanoparticle releasing the most Ag+ (AgNP-C), with both the nanoparticles
producing behavioral changes that were entirely different from those of Ag+ itself.
Finally, the smaller AgNP-PVP had yet another pattern of behavioral effects, eliciting
hypoactivity in the dark and during alternating light levels, but no apparent effect under
continuous light. These findings clearly show that AgNPs alter neurodevelopment in
ways beyond the release of Ag+ and that are entirely dependent upon particle size and
coating.
The key question is why these particle parameters are so important in
determining the neurobehavioral teratology of AgNPs. The differences could rest either
in toxicokinetics or toxicodynamics. Nanoparticles ≥50 nm are taken up into cells more
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readily than smaller sized particles due to preferential endocytosis (Johnston et al. 2010),
which could explain greater effects of the AgNP-PVPs in general; since these aggregated
to larger particle sizes than AgNP-C, which retained characteristics below this threshold
size. Yet, this distinction is not uniform in all models; studies in worms suggest greater
internalization of smaller nanoparticles, with preference for AgNP-C and the smaller
AgNP-PVP compared to the larger AgNP-PVP (Meyer et al. 2010). It will thus be critical
to determine the actual uptake and distribution of different nanoparticles in each model
system in order to distinguish the actual internal cell exposure to these agents. In our
earlier work in vitro, we similarly found that the biological actions were distinct for the
three AgNPs and that each differed from the effect of Ag+ (Chapter 4, (Powers et al.
2010a). Cell cultures differ from intact animals in that there are fewer diffusion barriers
and it is therefore notable that AgNP-C was highly active in disrupting
neurodevelopment in vitro. The lack of effect seen here thus suggests that AgNP-C is
more susceptible to toxicokinetic limitations imposed by diffusion barriers whereas the
AgNP-PVPs are not. Nevertheless, it is clear that size and coating influence
toxicodynamics as well. If access to the cell were the sole limitation, then there would be
no difference in the direction of change elicited by the two AgNP-PVPs, and yet they
had opposite effects on behavioral outcomes. Our results therefore show how the
combined effects of AgNP coating and size can produce outcomes that are clearly
different and that reflect their impact on both toxicokinetics and toxicodynamics. These
studies thus confirm and extend in vitro work showing that AgNPs disrupt neural cell
replication and differentiation (Chapter 4, (Powers et al. 2010a), demonstrating adverse
outcomes at the levels of morphology, survival and behavior. As discussed below the
combination of our in vitro and in vivo findings raise serious concerns for human and
environmental exposures from the production and use of commercial AgNPs.
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7. Discussion
This body of work provides the first evidence that Ag+ and AgNPs are likely
developmental neurotoxicants. Importantly we found that while both the soluble ion
and the particles impair measures of neurodevelopment in vitro and in vivo, the
underlying mechanisms and outcomes are distinct for the AgNPs as compared to the
soluble Ag+. The key findings supporting this argument are below but suggest that the
rapid rise in AgNP use must be carefully weighed against the cost to society of
development neurotoxicant exposures (Grandjean and Landrigan 2006; Wijnhoven et al.
2009).
Ag+ is a developmental neurotoxicant in vitro with effects dependent on
concentration and differentiation stage. Our findings show that Ag+ impairs
mechanisms of neurodevelopment at concentrations orders of magnitude lower than the
known neurotoxicant, chlorpyrifos, an insecticide that was banned for residential use
specifically because of its developmental neurotoxicity (U.S. Environmental Protection
Agency 2000). As an antimitotic agent capable of eliciting substantial oxidative stress,
and altering neurodifferentation Ag+ would undoubtedly harm a developing brain
should similar effects occur in vivo. Importantly, the outcomes and underlying
mechanisms were unique for concentrations above versus below the threshold for
outright cytotoxicity (10 µM), and were further influenced by whether cells were
replicating versus differentiating. The degree to which 10 µM and above inhibits cell
replication and potentiates cell death points to a severe loss of neurons in the developing
brain as a likely outcome from high-dose exposure in vivo. Such a lack of cells coupled
with reduced neurite outgrowth and an augmented dopaminergic cell population,
implies that high Ag+ exposure would drastically impair neurogenesis, axonogenesis
and ultimately wiring of the developing brain. Meanwhile, exposure to lower Ag+
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concentrations would result in a wholly different outcome by averting apoptotic loss
that occurs during differentiation and impairing the emergence of either
neurotransmitter phenotype (Ekshyyan and Aw 2005). Thus, while high concentrations
of Ag+ would lead to too few cells in the brain, lower concentrations would yield to too
many; similarly, while the higher concentration would push cells towards a
dopaminergic phenotype, the lower concentration would delay or prevent the
emergence of either phenotype. Clearly then, high versus low concentrations would
produce miswiring of the brain in a ways totally distinct from each other.
The dichotomy between 1 versus 10 µM Ag+ exposures could result from: a)
relatively low versus high levels of oxidative stress which stimulate neurodifferentiation
versus cell death respectively, or b) formation of electroneutral AgCl at 10 µM which
would facilitate penetration across cell membranes, and other barriers including the
placenta. Regarding the first instance, even though differential activation of oxidative
stress pathways may underlie some of the contrasting effects of low and high Ag+
exposure, our results with antioxidants clearly show that no one mechanism explains the
actions of this heavy metal. For the later consideration, according to modeling data, the
electroneutrual AgCl complex predominates at low concentrations of the anion (≤ 5 mM)
while increasing the Cl- concentration leads to progressively more AgCl2-, followed by
AgCl32-, and finally AgCl43- (Barriada et al. 2007). The Cl concentration in the cell media
used in this study is considerably higher than 5 mM (130 mM), and thus the AgCl
concentration was likely low; however, the formation of the electroneutrual complex
could still occur briefly, especially with the higher Ag+ concentration. As a potent
antimitotic and oxidative agent, even low concentrations of AgCl could be an important
source of neuronal cell damage by facilitating higher intracellular Ag+ concentrations.
Though future in vitro studies should pursue the nuances of oxidative stress levels and
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Ag speciation with different levels of exposure, we clearly show the need for in vivo
studies evaluating effects of Ag+ on either side of the cytotoxicity threshold. We
addressed this need in our next studies using the zebrafish model.
Ag+ impairs neurodevelopment in vivo. Complementing our in vitro findings,
low-concentrations of Ag+, below the threshold for overt developmental effects,
nevertheless altered swimming performance in developing zebrafish. These behavioral
changes preceded an accelerated decline in survival later in life, suggesting that this
early exposure elicits persistent effects not immediately observable during embryonic
development. Such subtle changes are in clear contrast with those seen at progressively
higher concentrations, which delayed hatching, decreased embryonic survival and
evoked frank dysmorphology. Thus, effects of developmental Ag+ exposure in vivo are
highly concentration-dependent, again recapitulating the dichotomous effects of high
and low exposures in vitro. Most importantly though, low apparently nontoxic
exposures resulted in behavioral impairments and foreshadowed long-term effects on
survival, neurochemistry and behavior later in life.
While exposure to ≥1 µM Ag+ altered development by impairing hatching,
morphology or survival, animals exposed to lower concentrations of Ag+ were less
active on both 5 dpf and 10 dpf despite the absence of these overt effects. The latter
point was well past the end of Ag+ exposure and at a stage when exposed larvae had the
necessary physical components to swim properly (inflated swim bladder). It is highly
likely that this behavioral effect arises from Ag+ altering the development of the central
circuits governing swimming since we verified that Ag+ exposed embryos respond to
normally to touch, and thus their basic motor ability remained intact. This is consistent
with recent work showing that developmental exposures to chemicals or
pharmaceuticals that alter neurotransmitter levels in the brain result in decreased motor
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activity (Eddins et al. 2010; Levin et al. 2004; Sallinen et al. 2009a; Sallinen et al. 2009b;
Thirumalai and Cline 2008). Indeed, even the overt effects on development such as
delayed hatching and swim bladder inflation also have strong neural components that
suggest both the soluble ion and AgNPs alter early nervous system development. For
instance, although hatching occurs through the convergence of multiple events,
augmented dopamine levels delay hatching, similar to the impairment of hatching with
Ag+ seen here (Schoots et al. 1983). As discussed below, it is highly likely that delays in
hatching after Ag+ exposure are due to alterations to dopamine circuitry during
development since it was clearly affected in adult animals.
In fact, we went on to show that early Ag+ exposure has long-term effects on the
nervous system, where adult fish had elevated DA and 5HT turnover. Higher
neurotransmitter activity was not due to changes in neurotransmitter levels and thus
reflects increased presynaptic activity. Such alterations in neurochemistry were coupled
with functional consequences on neurobehavior in a test that combined avoidance and
spatial learning, by using anxiety (squeezing the chamber) to trigger spatial choice.
Specifically, developmental Ag+ resulted in a faster rise in the percentage of fish
swimming to a non-aversive environment when compared to controls. To our
knowledge, this work is the first to show that Ag+ elicits long-term changes in behavioral
and neurochemical functions. Given the implications of this work in the context of
greater AgNP exposure, we next investigated whether AgNPs elicited effects similar to
Ag+ in vitro and in vivo.
AgNPs are developmental neurotoxicants in vitro. AgNPs impaired
mechanisms of neurodevelopment in a standard model of neuronal cell replication and
differentiation. Surprisingly though, the effects and underlying mechanisms could not
be solely explained by the release of Ag+. Superimposed on the differences between
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AgNP and Ag+ exposure were clear influences of particle physciochemical
characteristics such as coating, size and composition. If AgNPs simply released soluble
Ag+ all of the particles would produce effects similar to the ion in solution, albeit with
smaller magnitudes since a large proportion of the Ag+ is not dissolved. Within that
paradigm we would then expect that the smaller particles would evoke greater effects
due to their higher surface-to-volume ratio, resulting in a larger proportion of Ag
exposed to the solution, compared to the larger particles. Although some of our results
fell within this framework, most of our findings suggest instead that AgNPs have
biological effects distinct from the ability to release Ag+.
The supporting arguments for this conclusion were discussed in Chapter 4, but
lie in the divergent susceptibilities of cells exposed to AgNP-C versus Ag+ in the
following measures: replication in the absence of serum, protein synthesis, oxidative
stress response and neurodifferentiation. Beyond these differences between AgNP-C
and Ag+ exposure, particle composition, coating and size clearly altered the biological
outcomes we measured. For the first, SiNPs were ineffective in all of the measures we
examined, whereas AgNPs were obviously not innocuous; thus indicating that
composition is a critical component of biological outcomes. Further, although one or
both of the PVP-coated particles were more effective than AgNP-C in evoking cell loss
or promoting TH activity, they were less effective toward other toxicant outcomes such
as impairing protein synthesis and neurite outgrowth. If coating simply altered Ag+
release, then the relative efficacy of the particles would be the same across measures.
Likewise, the larger PVP-coated particles, which release less Ag+ than either of other two
smaller particles, nevertheless proved to be more toxic toward suppressing DNA
synthesis, cell number and the cholinergic phenotype, again indicating that size dictates
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biological outcomes in ways unrelated to the release of Ag+. These findings strongly
imply that AgNPs act biologically as nanoparticles and not just as a source of Ag+.
In that light, nanoparticles could evoke unique biological effects through
differences in uptake (toxicokinetic effects), or by evoking effects separate from those of
soluble ions (toxicodynamic effects). Particle exposures are inherently unique in that
they behave as individual particles that can settle, aggregate and diffuse, as opposed to
soluble ions which are a homogenous solution which behaves relatively uniformly
(Teeguarden et al. 2007). Further, whereas Ag+ must dissolve off of the particles before
interacting with cells, it is freely available from the start of exposure in ionic solutions
(Meyer et al. 2010); thereby generating an intrinsic difference in both the concentration
and length of exposure between particle and ionic treatments. Moreover, the zeta
potential of the particles in this study is likely negative in cell medium, whereas the
soluble ion is clearly positively charged (Meyer et al. 2010). Negatively charged species
interact with the cell surfaces differently than those with positive charges, and as such it
is likely that these inherent characteristics of AgNPs versus Ag+ explains some of the
distinctions we observed between the two agents (Mc Guinnes et al. 2010). Beyond
differences between nanoparticles in general and Ag+, characteristics like coating and
size alter the kinetics of individual types of AgNPs by changing the rate of settling,
aggregation or diffusion along with uptake into the cell (Johnston et al. 2010;
Teeguarden et al. 2007). Nevertheless, our data support the importance of toxicodynamic
differences among various AgNPs and Ag+ for several reasons: first, AgNP-C showed
no selectivity for DNA over protein synthesis, while Ag+, clearly targeted DNA
synthesis, as we saw in Chapter 2. Second, AgNP-C provoked cell loss in the presence
of ascorbate, whereas this antioxidant prevented that loss due to Ag+ exposure (Chapter
2). Third, low concentrations of AgNP-C were more effective at reducing protein
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synthesis than higher ones, whereas Ag+ showed the opposite relationship (Chapter 2).
Finally, AgNP-C depressed only the ACh phenotype while Ag+ altered both DA and
ACh. The summation of these individual findings fortifies the idea that AgNPs elicit
biological effects in ways beyond the release of the soluble ion, and which cannot be
explained by a single mechanism associated with heavy metal, and in particular Ag+
exposure, such as perturbation of Ca2+ homeostasis (Castoldi et al. 2001; Lidsky and
Schneider 2003; Tupling and Green 2002). Indeed, if this were the case then a simple
relationship would exist between concentration and oxidative stress levels or viability
with each agent, a relationship that our data show clearly does not exist.
Given the unique outcomes of AgNP exposure compared to the soluble ion in
this in vitro model it was critical to carryout similar studies in vivo. As such, we next
determined whether AgNPs also elicited developmental neurotoxicity in ways that were
distinct from the ion, and reliant on physiochemical characteristics in the zebrafish
model.
AgNPs alter neurobehavior in vivo in ways distinct from Ag+ and dependent on
particle characteristics. Paralleling our in vitro findings, AgNPs showed evidence of
neurobehavioral teratogology and had effects distinct from Ag+ in the zebrafish model.
As discussed above, the dichotomous relationship between AgNPs and Ag+ is
unexpected based the prediction that AgNPs simply provide low concentrations of the
freely-dissolved ion in solution (Meyer et al. 2010). Further, the relationships that we
found between the individual AgNPs counter our initial expectations based on the
amount of Ag+ released with from particular particles. Again, smaller particles, with
their larger surface-to-volume ratio have a greater proportion of Ag in contact with
solution and thus should result in higher concentrations of the freely-dissolved ion.
Thus, we anticipated that since AgNP-C aggregated less than PVP-coated particles in
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this study, retaining a larger surface-to-volume ratio, they would be more effective than
the AgNP-PVPs, but in fact the later were the effective particles for neurobehavioral
outcomes. In a similar manner, the smaller PVP-particles would evoke greater effects
than the larger particles, and yet this was clearly not the case. Further substantiating our
in vitro findings that the biological effects of AgNPs are not reliant on Ag+ release alone.
Our initial comparisons of AgNP-C and Ag+ showed that even the overt effects
on AgNP-C on development differed from the soluble ion. Although the particles were
generally were less effective disruptors of development than Ag+, the relationship
between AgNP-C and Ag+ effects differed with the biological outcomes we measured:
particles were less potent disruptors of swim bladder inflation, but equally effective at
delaying hatching. If we the biological effects of AgNP-C rested solely on the release of
Ag+, then the particles would be less effective in both measures. Moreover, AgNP-C and
Ag+ had discordant effects on survival and morphology, where particles preferentially
increased mortality rather than dysmorphology, while Ag+ had the opposite partiality.
The wholly different effects of each agent on neurobehavioral outcomes further
demonstrated the differences in Ag+ versus AgNP exposures. Whereas Ag+ evoked
hyperresponsiveness to changes in light levels, AgNP-C failed to produce any effect.
The lack of any comparable outcome from AgNP-C suggests that the characteristics of
the particle are the principal components of nanoparticle effects. This finding is
substantiated by the effects of both AgNP-PVPs which altered behavior in ways not only
distinct from AgNP-C but also from each other, and in fact separate from Ag+ as well.
Whereas the larger AgNP-PVP elicited hyperactivity across almost all lighting
conditions, the smaller particles produced hypoactivity in dark environments or when
lights levels alternated in quick succession. The former outcome suggests generalized
locomotor system activation, while the later indicates changes in neural wiring that
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completely alter behavioral response to environmental surroundings. Not only are these
outcomes completely counter to that of Ag+, they show that the particles act apart from
the release of the ion since the particle releasing the least Ag+ (larger AgNP-PVP) had
greater effects than the particle releasing the most Ag+ (AgNP-C). These findings are the
first to our knowledge to show that AgNPs are likely neurobehavioral teratogens and
that they act in ways apart from Ag+. In turn, our data as a whole show that AgNPs and
Ag+ elicit developmental neurotoxicity in vitro and in vivo, although there are important
differences that rely on concentration, form of the metal, and particle physicochemical
characteristics (Table 8). As discussed below, this has clear implications for
environmental and human exposures from commercial AgNP use.
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Table 8: Data Summary

Concentration
Agent

Model

PC12
cells

Low

Medium

High

(<1 µM)

(1-3 µM)

(≥10 µM)

Impair
neurodifferentiation
(Suppress DA & ACh)

Cytotoxic

Not tested

Ag+
zebrafish

Hypoactive
in light

Delay hatching
Lethal (≥ 3 µM)

Phenotype shift
(DA > ACh)
Dysmorphogenic in
survivors
Lethal
Hyper-responsive to
light changes
Impair DNA Synthesis

AgNPCitrate
10 nm

PC12
cells

Not tested

zebrafish

No
detectable
effect

Impair DNA &
protein synthesis

Elevated mortality

Elevate Oxidative Stress
Phenotype shift
(Suppress ACh)
Dysmorphogenic in
survivors (100 µM)
Impair DNA Synthesis

AgNP-PVP
10 nm

PC12
cells

Not tested

zebrafish

Not tested

Not Tested
Not Tested

Elevate Oxidative Stress
Phenotype shift
(DA > ACh)
Hypoactive
Impair DNA Synthesis

AgNP-PVP
50 nm

PC12
cells

Not tested

zebrafish

Not tested

Not tested
Not tested

Elevate Oxidative Stress
Phenotype Shift
(Suppress ACh)
Hyperactive

AgNP and Ag+ use raises concerns for environmental and human populations.
The novel finding that Ag+ and AgNPs are developmental neurotoxicants in vitro and in
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vivo begs the question of how increasing AgNP exposures will impact human and
environmental populations. Though the conclusions for each population are of course
different, in both cases the basic point is that low concentrations of Ag+ and AgNPs that
do not produce overt effects will likely alter neurodevelopment. The specific
implications of these low-level exposures in environmental and human populations are
discussed below, but ultimately suggest that the continued rise in commercial AgNP use
will contribute to the “silent pandemic” of developmental neurotoxicity (Grandjean and
Landrigan 2006).
In environmental populations exposures to overtly toxic concentrations of either
Ag+ or AgNPs are unlikely to occur outside of rare instances such as industrial spills; as
such, this discussion is restricted to more relevant outcomes from concentrations that do
not elicit observable changes in development. Our main findings then are that low
concentrations of Ag+ and AgNPs alter neurobehavior such that animals 1) fail to
respond appropriately to changes in environmental surroundings (e.g. differences in
light or compression of space), 2) show abnormal activity levels in a variety of
environments, and 3) will likely exhibit long-term changes in survival, behavior and
neurochemistry. Regarding the first concern, an attuned reaction to environmental cues
is critical for survival and reproductive behaviors such as avoiding predation or finding
food, and as such obviating the natural response to environmental conditions would
likely led to declines in the overall health of the population (Alcedo et al. 2010). Related
to the second concern, differences in activity levels would likely affect general
population health as well by increasing predation of hypoactive animals, while elevating
energy demands of hyperactive fish. Finally, our studies with Ag+ show accelerated
mortality, elevated activity in dopaminergic and serotonergic circuits and anxiety-like
behaviors later in life. The outcomes that these alterations have on population health
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and survival remain to be established, but demonstrate that effects seen in larval stages
are not transient. Although we did not study whether similar effects occur with AgNPs,
our findings in larvae indicate that AgNPs will also affect adult behavior and
neurochemistry, though in ways distinct from the soluble ion.
Importantly, the specific direction of change in larval behavior depended heavily
on whether animals were exposed to AgNPs or Ag+, and in the case of particle
exposures the particular physicochemical characteristics. Thus behavioral effects will
likely vary based on the concentration of freely-dissolved ion versus intact AgNPs in a
habitat, as well as the formulation of the nanoparticles. Concentrations of Ag+ and
AgNPs will rely on a combination of particle characteristics (Chapter 5), and
environmental conditions such as salinity (Meyer et al. 2010), making predictions about
general environmental effects all the more complex. Nevertheless, in the case of our
initial Ag+ work, changes in neurobehavior occurred at concentrations at or below the
Ag limits specified by U.S. government agencies for surface water (2-3 µg/L or 0.02-0.03
µM) (U.S. Environmental Protection Agency 2009). While our exposures with AgNPs
were at higher concentrations of nominal Ag, the amount of free Ag+ was decidedly
lower (Meyer et al. 2010) and regulations for nanoparticle use are still being formulated
(Pope and Bailey 2009). Given the impact of low-level Ag+ and AgNP exposure in the
zebrafish, forthcoming guidelines for AgNP use should consider the likelihood of
neurobehavioral changes that compromise the health of environmental populations.
For human populations, our studies point to three main concerns from Ag+ and
AgNP exposures: 1) heightened vulnerability to oxidative stress, 2) altered
neurotransmitter expression, and 3) impaired learning and emotional response into
adulthood. First, both AgNPs and Ag+ elevated oxidative stress in PC12 cells, which is a
particular concern given the greater sensitivity of the developing brain to oxidative
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stress, and indicates that exposure will negatively impact neuronal cell survival and
differentiation (Bondy and Campbell 2005; Kamata and Hirata 1999; Katoh et al. 1997).
Notably, exposure would likely have more of an impact in cells vulnerable to oxidative
stress such as dopaminergic neurons (Ueda et al. 2005); a hypothesis supported by our
in vivo work showing long-term effects in monoaminergic circuitry. Second, exposure
to AgNPs or Ag+ averted cells away from one or both neurotransmitter phenotypes in
PC12 cells, suggesting that early exposures would alter the specific placement of cell
phenotypes in the brain and ultimately lead to neuronal mis-wiring. Indeed, our in vivo
work showing neurobehavioral changes is highly supportive of changes in
neurocircuitry that result in functional outcomes. Finally, the effects of early Ag+ are
likely to persist into adulthood, producing long-term changes in neurocircuitry and
behavior long-term as we saw in the zebrafish model. Given the highly conserved
nature of the monoaminergic circuitry that was altered in the zebrafish model, reflecting
a continuity spanning different species, we expect changes in anxiety and learning to
accompany Ag+ and AgNP exposure (Kim et al. 1997; Panula et al. 2006; Kranz, 2010
#10868; Schultz 2010). Importantly, changes to monoaminergic systems are also linked
neurobehavioral disorders such as depression and schizophrenia (Nordquist and
Oreland 2010).
As with environmental populations, it is critical to note that the specific
outcomes on brain development will depend not only on the concentrations of Ag+ and
AgNPs, but also on AgNP formulation. Response to either Ag+ or AgNPs was highly
concentration dependent in both cells and zebrafish, and both models clearly showed
that physiochemical characteristics of the particles were central determinants of
neurodevelopmental outcomes. Undoubtedly, the concentration of the soluble ion or
intact particles in the developing mammalian brain that arise from exposures to different
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types of AgNPs will need to be studied at length, however, the basic point remains that
both Ag+ and AgNPs are likely developmental neurotoxicants at low concentrations.
Indeed, with the current limit for Ag in drinking water at 100 µg/L (≈1 µM) (Agency for
Toxic Substances and Disease Registry 1999), the continued expansion of the use of
AgNPs may increase human exposures beyond the threshold for adverse
neurodevelopmental effects which are below the specified maximum.
Areas of focus for future work. The outcomes of this work highlight several areas for
future studies to pursue. First, we clearly show that Ag+ effects will differ at high and
low concentrations and that particle formulation affects Ag levels, therefore
investigations need to establish what concentrations of Ag+ result from exposure to
various AgNP types. Second, better understanding is needed of the differences in
oxidative stress pathways activated by low versus high Ag+ concentrations, as well as by
AgNPs; especially since it is likely that the disparity between outcomes from each
exposure is due in part to unique activation of intracellular signaling pathways by
oxidative stress (Kamata and Hirata 1999; Katoh et al. 1997). Third, the speciation of
silver in environmental and laboratory mediums should be assessed. As discussed the
specific form of Ag will vary based on the salt composition in the surrounding
environment and these differences will undoubtedly alter the effects of the metal; as
such an understanding of the relationship between speciation and outcome is necessary.
Finally, mammalian studies are needed to establish: 1) the effects of concentrations on
either side of the cytotoxicity threshold for Ag+, 2) whether particular brain areas
sensitive to oxidative stress are more susceptible to exposure in these systems, 3) the
outcomes on neurochemistry and behavior from exposures that occur during
neurogenesis versus neurodifferentiation, and 4) whether there are long-term changes in
neurochemistry due to AgNP exposure.
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Conclusions. We show for the first time that Ag+ and AgNPs are developmental
neurotoxicants in vitro and in vivo. Underlying this statement are two important
considerations: First, the mechanisms and outcomes on neurodevelopment are distinct
for Ag+ versus AgNPs, and second, these differences are further influenced by
physicochemical particle characteristics. In the context of human and environmental
health this means that neurodevelopmental outcomes will likely vary based on the
relative concentration of Ag+ and AgNPs, which relies on both AgNP formulation and
composition of the surrounding medium. In turn, the continued incorporation of a
variety AgNPs types into commercial products necessitates the evaluation of individual
AgNPs for neurodevelopmental effects in human and environmental populations. The
results presented here provide hazard identification that can help isolate the models and
endpoints necessary for developing a risk assessment framework for the growing use of
AgNPs. For example, a screening sequence for AgNPs could consist of using PC12 cells
to establish which particles require further testing for neurobehavioral outcomes in
zebrafish, followed by mammalian testing with those particles that disrupt fish
behavior. Of course studies will first need to establish how reliably zebrafish predict
neurobehavioral outcomes in mammals due to nanoparticle exposures, since as we
show, there may be discrepancies between mammalian cell models and zebrafish.
However, an understanding of how these models differ is critical given the necessity of
developing a rapid screening system that incorporates well-established models, such as
PC12 cells, with a higher-throughput in vivo model like zebrafish. Within this context,
grouping particles based on physicochemical characteristics, such as surface charge may
expedite our ability to determine which types of particles require further testing in the
screening sequence. Given the likelihood that Ag+ and AgNPs are developmental
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neurotoxicants establishing such a screening system should take priority as the use of
AgNPs continues to rise.
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