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Tonic zinc (Zn2*) is an essential cofactor in many proteins, but labile (non-protein
bound) Zn?* also functions as a signaling ion in many cell types. In specific neurons
of the brain and nervous system, Zn2* is highly enriched and operates as a
neurotransmitter that modulates neuronal signaling. Zn2* has crucial physiological
roles in memory consolidation and sensory processing, yet abnormal levels of Zn2*
have been observed to be pathological in neurological disorders ranging from
Alzheimer’s Disease to depression. Both extracellular and intracellular Zn2* are
necessary for neuronal signaling, but little is known about the dynamics of
intracellular Zn2+ during neuronal stimulation and how intracellular Zn2+ influences
signaling in physiological or pathological processes. We employed fluorescence
imaging with genetically encoded and small molecule Zn2* sensors to quantify
intracellular Zn2* dynamics during different stimulations in primary dissociated
hippocampal neurons. We found that Zn2* rose transiently during both chemical and
electrical stimulation, although there were differences in peak Zn2* concentrations
depending on the stimulus used. Furthermore, we perturbed intracellular Zn2*
signaling to explore Zn?*-dependent changes in gene expression through global
mRNA sequencing of hippocampal neurons. Our RNA-Seq results indicated that mild
stimulation with potassium chloride induced Zn?*-dependent expression of genes

related to synaptic growth and signaling, while more intensive stimulation with
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glutamate promoted Zn2*-dependent expression of genes involved in endoplasmic
reticulum stress. Our results therefore show distinct differences in the role of Zn2+
signaling during potassium chloride and glutamate stimulation of neurons, which
may reflect differences between physiological and pathological Zn2* signaling. In
future studies we aim to elucidate the underlying signaling mechanisms behind these

differences.
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Chapter 1

Introduction

1.1 Publication status and author contributions
This work 1s unpublished. L.S. and A.E.P. wrote the manuscript.
1.2 Zn2*in biology and human health

Living organisms, despite their incredible diversity, require a standard set of
chemical components to function. Among the essential elements of life are seven
transition metals, of which iron (Fe) and zinc (Zn) are most abundant among
eukaryotes!. Ionic zinc (Zn?*) is an electronically stable and redox-inert species in
biological systems that can act as a strong Lewis acid?, and these properties have
enabled cells to utilize Zn2* as a cofactor in a wide variety of different proteins34.
Enzymes that bind Zn2* as a catalytic cofactor, such as carbonic anhydrase, are the
primary ZnZ2*-containing proteins in prokaryotic organisms35. In addition to many
Zn?*-containing enzymes, eukaryotic organisms also use Zn2* as a structural
component in thousands of proteins, most notably the large class of transcription
factors known as zinc fingers6-9. Current estimates indicate that the protein products
of up to 3,000 genes in the human genome may bind Zn2* through a number of
different architectures0-13, The diversity of function among these proteins is evidence

that Zn2* is directly or indirectly involved in a majority of cellular processes.



The necessity for cells and organisms to maintain proper levels of Zn2* is evident
in the many links that have been drawn between Zn2* disequilibrium and disease
states. Zn2* deficiency is a widespread concern, with around 20% of the global
population at risk of suboptimal nutritional Zn2* intakel4. Severe Zn2* deficiency can
lead to physical and mental development retardation, dermatitis, sensory deficits,
problems with blood sugar balance, abnormal sperm development, and susceptibility
to infection!®16, Nutritional Zn2* deficiency is often caused or exacerbated by
mutations in specific Zn2* transporters that are important for intestinal epithelial
cell Zn2* uptake!”19, epidermal health20, pancreatic development?!, growth hormone
secretion22-24, and cell differentiation in different organs2?5-27. Zn2* transporters, Zn2*
buffering proteins, or abnormally high or low levels of Zn2* have also been linked to
many other non-developmental diseases, including a wide array of neurological
disorders28-38, hypertension3?, deafness40, chronic obstructive pulmonary disease*l,
several types of cancer254243, and diabetes4451. While in some of these diseases
mechanistic links have been discovered between Zn2+ disequilibrium and pathology52-
58 in many cases these links remain unknown.

Proper Zn2* homeostasis, in addition to mitigating human genetic diseases, is
relevant for immune response to pathogens. As Zn2* is an essential element that can
be toxic at high levels, modulation of Zn2* by host immune cells to either starve or
poison pathogens can be an effective strategy for pathogen -clearance59-65,
Additionally, Zn2* is implicated as a modulator of immune cell signaling, both
physiologically and pathologically%6-70, although how it functions in these signaling

pathways is still unclear.



1.3 Zn?* buffering and signaling

In order to successfully supply Zn2+* to all of its binding partners while limiting
Zm?+ toxicity’l, cells have evolved rigorous Zn2* buffering systems. Zn2*-sensing
transcription factors, such as Zur in FEscherichia coli’?, Zapl in Saccharomyces
cerevisiae™, and MTF1 in higher eukaryotes’.74, mediate transcription of select Zn2*
transporters and Zn2* buffering proteins upon elevation of intracellular Zn2*
concentrations. In vertebrates, members of the Zn Transporter (ZnT) and Zrt- and
Irt-Like Protein (ZIP) families canonically manage Zn2* transport across cellular
membranes’-77. The 10 ZnTs, which transfer Zn2* out of the cytosol, and the 14 ZIPs,
which transport Zn2+* into the cytosol, are differentially expressed across cell types
and localize to different cellular regions in order to transfer Zn2* among subcellular
compartments’®. The Zn2* present in cells is mostly bound by proteins, although some
exists in a more labile form, as a hydrated ion or transiently bound to small molecules
such as negatively charged amino acids, glutathione, and other anions7:80, Cytosolic
labile Zn?* has been quantified to be between about 80 pM and 800 pM in a number
of cell types8l-83, Additionally, small proteins called metallothioneins (MTs) are
highly expressed in cells and reversibly bind Zn2* and other metal 1ons788485,
Metallothioneins act as important cytosolic Zn2+ buffering proteins and chaperones
that can deliver Zn2* to essential binding partners®687. Zn2* transporters,
metallothioneins, and the Zn2*-binding proteome all function to maintain the tight
balance of intracellular labile Zn2* necessary for proper biological function.

While the Zn2* buffer maintains a steady concentration of labile Zn2* in most
healthy eukaryotic cells at any given time, a number of cell types have been shown to
experience dynamic changes in Zn2* in order to perform physiological functionsss.89,

Neurons are by far the most studied of these cell types, and background knowledge
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of Zn2* involvement in neuronal signaling, which is the focus of this thesis, will be
covered in detail in later sections. Other important biological processes that have
been shown to rely on transient changes in intracellular labile Zn2* include insulin
secretion?:91  differentiation of colonocytes and B-cells9293 polarization and
activation of macrophages and T-cells94-9, contractility of cardiomyocytes9’-99, egg
division00.101 and fertilization102.103, In some of these cases, Zn2+-binding signaling
molecules have been identified, such as the Zn2+*-specific G protein-coupled receptor
GPR3993.104,105 " protein tyrosine phosphatases06-110  or stress-related proteins such
as caspases or Hsp33111.112  In other systems, Zn2* has been shown to influence the
mitogen-activated protein kinase (MAPK)113-116  Akt42 and nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-xB)!17 signaling pathways, but specific
binding factors have not been established. Generally, there is still very little
mechanistic data on how Zn2* modulates signaling pathways in different cell types to

regulate physiological responses.
1.4 Tools for measuring Zn2* in cells

Measuring steady-state levels and dynamic changes in cellular Zn?* is essential
for understanding its physiological and pathological roles in cells. While for much of
the twentieth century radiographic detection of Zn® and histological stains such as
the Timm’s stain were commonly used methods to investigate zinc distribution in
organisms and tissues!!8119 in the past two decades fluorescence microscopy has been
the primary method for tracking cellular Zn2*. Two major classes of fluorescent Zn2*
sensors exist: small molecule fluorescent sensors and genetically encoded fluorescent
sensors. Small molecule fluorescent sensors consist of a fluorophore linked to a Zn2*-

binding chemical moiety. While there are a few small molecule Zn?* sensors that are



in the red region of the spectrum!20-122_ or are ratiometric via dual-emission!23-125 or
Forster resonance energy transfer (FRET) mechanisms126.127 most of the sensors that
have been widely used and best characterized are single-wavelength intensiometric
green sensors!28-132. Good small molecule sensors have the advantages of brightness,
large dynamic range, and easy application to different model systems (such as cells
or tissues slices)!29.133, One major caveat in the use of small molecule sensors,
however, is that they have the potential to perturb the ZnZ* buffer, depending on
affinity, binding kinetics, and concentration!34-137, Additionally, many small molecule
sensors are membrane-permeable and tend to localize non-specifically in cells or
aggregate in subcellular compartments, which can limit their applicability81,129,137-
139, Despite these disadvantages, however, a small molecule fluorescent dye is often
the most robust sensor that can be applied to a system.

The other main type of sensor for measuring Zn2* in cells is a genetically encoded
sensor, consisting of one or two fluorescent proteins and a protein-derived Zn2+-
binding domain!40, Sensor platforms exist using one green fluorescent protein for
Iintensiometric measurements!4-143 or two fluorescent proteins for FRET or
bioluminescence resonance energy transfer (BRET) measurements!44-151, These
sensors, especially the FRET sensors, are attractive tools because their expression is
tunable, they can be targeted to a specific subcellular compartment, they are capable
of ratiometric quantification, and they are relatively non-perturbing to the Zn2+
buffers!. Genetically encoded sensors do have the major limitations that they are
difficult to use in cells that resist transfection, and they are dimmer and more readily
perturbed by environmental pH and redox conditions than small molecule

fluorophores, which impedes their use in the secretory pathway and extracellular



spacel?2, If experimentally possible, however, genetically encoded sensors are our

sensors of choice for robust intracellular measurement of Zn2+.
1.5 Zn2?* in the brain and neuronal synapses

Refined labile Zn2* staining techniques in the latter part of the twentieth century
led to the discovery that many neurons contain Zn?* in axon termini, and within these
termini Zn2* specifically appears to be concentrated into synaptic vesicles!19:153,154,
Further study identified Zn2*-containing neurons (sometimes termed “zincergic’) as
subsets of neurons in the hippocampus!19.155.156  frontal and somatosensory
cortexes56-158 vyigsual  cortex!59.160,  olfactory  bulb156161  amygdalal56.162
cerebellum161.163 dorsal cochlear nucleusl64.165 gpinal cord166-169 retinal70.171 and
peripheral nerves!72. In animals, synaptic Zn2* is scarce before birth but accumulates
over time, reaching a steady state at around 1 month in mice and gradually declining
In aging animalsl73-177, Neurons containing synaptic Zn2* also express ZnT3
(Sle30a3), a Znz*-specific transporter that shuttles Zn2* into synaptic vesicles!78-183,
and in almost all cases show increased mRNA and protein expression of the primarily
brain-localized metallothionein isoform MT-III (Mt3)161.184-186 and the plasma
membrane Zn2+ exporter ZnT1 (Slc30al)187-191, These zincergic neurons therefore
have the molecular machinery to regulate the dynamic changes in Zn2* necessary to
employ it as a signaling ion.

Normal neurotransmitter-mediated neuronal signaling consists of an action
potential (a Na*/K*-driven membrane depolarization/repolarization event) traveling
down an axon to a presynaptic terminal, where depolarization opens voltage-gated
Ca2* channels, and the resulting Ca2+ influx mediates synaptic vesicle fusion with the

plasma membrane to release neurotransmitters into the synapsel92,



Neurotransmitters then bind to specific receptors on postsynaptic neurons to either
induce or prevent postsynaptic depolarization!®s. The excitatory neurotransmitter
glutamate binds to postsynaptic glutamate receptors, including the ion channel N-
methyl-D-aspartate (NMDA)-type and a-amino-3-hydroxy-5-methyl-4-
1soxazolepropionic acid (AMPA)-type receptors and non-ion channel G protein-
coupled receptors, to induce depolarization and signaling in postsynaptic neurons194,

While Zn2+ is considered a neurotransmitter, its mechanism of action in synapses
1s to modulate receptors for other neurotransmitters rather than directly induce
postsynaptic potentials (Figure 1). Although a few studies have raised the possibility
of synaptic vesicle Zn?* being present in inhibitory neurons containing the
neurotransmitters gamma-aminobutyric acid (GABA) or glycinel69.195.19 most zinc-
containing neurons have been identified as glutamatergic (stimulatory) neurons, with
Zn?* and glutamate packaged together in synaptic vesicles (Figure 1.1A)197-199, Upon
neuronal stimulation, vesicles release Zn2?* and glutamate into the synapse (Figure
1.1B)200-210 where a peak concentration of Zn2* under normal physiological
stimulation conditions i1s currently estimated to reach 5-110 nM, with strong
stimulation inducing rises up to about 1 uM and pathological stimulation potentially
causing higher concentrations208210-212.  Many studies of the effects of
synaptic/extracellular Zn2+ use concentrations far in excess of these based on an early
estimate of synaptic Zn2* reaching 300 uM?213, but these studies are unlikely to
describe any Zn2*-related effects that would be observed in vivo.

Synaptic Zn2* has been shown to interact with a wide array of synaptic proteins,
although the physiological nature of some of these interactions is unclear. Extensive
evidence illustrates that Zn2* inhibits the NMDA-type glutamate receptor (NMDAR)

via a high affinity (ICso 10-30 nM) allosteric site on its GluN2A subunit214-225 (Figure



1.1B). While Zn2* released during single excitation events does not appear to affect
synaptic transmission (possibly due to insufficient synaptic Zn2* concentrations or
slow kinetics)211,223.226 gstimulation bursts of zincergic neurons significantly reduce

postsynaptic NMDAR potentiation223.227, Similarly to the NMDAR, allosteric high-

l Action Potential

® C a2+
® Zn2+

® Glutamate

ﬂ NMDA-type glutamate receptor

@ AMPA-type glutamate receptor

Q Voltage-gated Ca** channel

Figure 1.1: Zn2* in neuronal synapses. (A) In resting neurons, Zn?* is packed into synaptic
vesicles with glutamate. As an action potential reaches the synapse (B), extracellular Ca2* is
internalized into the presynaptic terminal and facilitates fusion of synaptic vesicles.
Glutamate and Zn?* are released into the synapse and bind to postsynaptic receptors. On
glutamatergic neurons, Zn2* specifically inhibits NMDA-type glutamate receptors. (C) After
excitation, Zn2* transiently increases intracellularly due to potential translocation from the
synapse or release from intracellular stores.



affinity Zn2*-binding sites have been identified on inhibitory neurotransmitter
receptors, namely the glycine receptor (ECso 15 nM)228-232 and the a/B subunits of the
GABAA receptor (ICs50 90 nM)233-236, Zn2+ binding to the glycine receptor enhances its
activity by increasing its affinity for glycine, but Zn2* inhibits the activity of the
GABAA4 receptor, thus providing more evidence of the complexity of Zn2* signaling in
neuronal circuits. In addition to these well-studied receptor binding sites, evidence
also exists that Zn2* may modulate the activity of AMPA-type glutamate receptors
(AMPARs)218.237-242 kainate-type glutamate receptors243.244, GABAR receptors245, Ba-
andrenergic receptors?46, nicotinic acetylcholine receptors?47, serotonin receptors24s,
neurotransmitter transporters249-252 potassium transporters/channels253-257  calcium
transporters/channels258-262, or other synaptic proteins263.264, Most of these studies
found interactions that occur at higher levels of exogenous Zn2* (> 1 pM), and thus
are likely irrelevant for physiological synaptic processes, but they may be pertinent

in pathological conditions.
1.6 Intracellular Zn?* signaling in neurons

In addition to specifically interacting with postsynaptic receptors, labile Zn2* has
been shown to increase in postsynaptic cells upon stimulation (Figure 1.1C)131,204,265~
267, One possible mechanism for this intracellular increase is translocation from the
synapse, as Zn2* can permeate different Ca2* channels, including AMPARg265,268-273
NMDARs272.274) and voltage-gated Ca2* channels (VGCCs)272275, Of these, AMPARs
have been shown to be most permeable to Zn?*, and thus would likely be the primary
mediators of Zn2* translocation from the synapse272276, Zn2+.specific plasma
membrane importers, including ZIP1, ZIP3, and ZIP4, are also likely present at

synapses277-280  although this localization has not been explicitly tested. Another



mechanism by which intracellular labile Zn2* might increase is by stimulation-
specific perturbations of Zn2* buffering molecules that release a portion of the
intracellularly bound Zn2* into the labile Zn2* pool. Two likely modulators of the Zn2*
buffer are reactive oxygen species (ROS)89 and pH281, While ROS have been studied
extensively in pathological conditions such as excitoxicity (see section 1.7) and in a
somewhat more limited fashion in physiological development of neuronal polarity and
plasticity282, little is known about how physiological stimulation of neurons might
dynamically change cellular ROS levels, and whether any such perturbations could
affect the Zn2+ buffer. Alternatively, neurons are well known to acidify upon
excitation?83-288 and in cultured neurons this acidification has been implicated in
Zm?* release from intracellular ligands281.289.290, Neurons in these studies, however,
showed substantially more of a pH drop than the mild acidification seen in more in
situ/in vivo systems284.287.288 g0 the extent of pH-dependent Zn2* mobilization in
tissue under physiological conditions is unclear. It is therefore still ambiguous
whether observed stimulation-dependent intracellular increases in labile Zn2+* may
be mediated by a subset of these mechanisms (translocation from the synapse, ROS
perturbation, or acidification), or by all three.

The difficulty in triangulating the source of neuronal intracellular Zn%* dynamics
1s partially due to lack of rigorous quantification of these transients in the literature.
Most studies of intracellular Zn2+* transients have utilized perturbing or low-affinity
probes to detect changes204:265.290 which has limited even approximate quantification.
To address this gap in knowledge, we used fluorescence imaging to quantify Zn2*
changes in neurons under different mild to moderate stimulation conditions (see
sections 2.3.1, 2.3.4, and 3.3.1). While approximate, these measurements will inform

our understanding of the causes and downstream effects of intracellular Zn2* signals.
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1.7 Zn2?* in physiological neuron function

The regions of the brain that are most highly enriched in zincergic neurons are
those related to memory encoding (hippocampus, amygdala, frontal cortex), and
sensory processing (visual cortex, dorsal cochlear cortex, somatosensory cortex,
olfactory bulb, retina). Accordingly, many in vivo studies have established synaptic
vesicular Zn2* and neuronal Zn2* signaling as essential in a variety of memory- and
sensory-related behaviors. Global Zn2*+ deficiency, in addition to causing problems in
brain development291, causes impairment in spatial memory in animals292.293, These
findings parallel a plethora of studies in which global or regional-specific Zn2+*
chelation diminishes spatial memory, object recognition memory, exploratory
behavior, fear consolidation, and odor response294-299, ZnT3 knockout (ZnT3 KO)
mice, which lack the synaptic vesicle Zn2* transporter and correspondingly have no
synaptic vesicular Zn2+* 300, provide further evidence that these behavioral deficits
arise specifically from synaptic Zn2* signaling. While these mice have no major
developmental difficulties30!, partially due to compensatory mechanisms302, they
have been seen to perform worse than wild-type mice on tasks related to spatial
memory, associative memory, fear conditioning, motor learning, stress response, and
discrimination of textures and audio stimuli, often in a sex- or age-dependent
manner303-309.  Additionally, alteration of external stimuli through whisker
manipulation, visual deprivation, and environment enrichment can dramatically
alter the patterns of zincergic neurons in associated brain regions of rodents and
monkeys310-319, Synaptic Zn2* is therefore well-established as a physiologically
relevant and dynamically changing signaling ion in vivo.

On a cellular level, the effects of Zn2* signaling on neuronal potentiation

(perpetuating an action potential across a chemical synapse) range from modulating
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postsynaptic excitation?232.320-323 to tuning presynaptic neurotransmitter release324-328
to affecting Ca?* trafficking and intracellular signaling pathways266.293,326,329-338 tq
stabilizing cytoskeletal and structural components of the postsynaptic density339-345,
As Zn?*is clearly involved in memory development, many studies have focused on the
role of Zn2* in synaptic plasticity and long-term potentiation (LTP), a process by
which repeated stimulation of specific neurons dynamically alters synapse physiology
to facilitate further stimulation346, L'TP is thought to be essential for memory
formation, and involves many different signaling components. Presynaptic LTP,
common in the zincergic mossy fiber synapses of the hippocampus, primarily
escalates neurotransmitter release to increase synaptic signaling34’. Endogenous
synaptic Zn2+ facilitates this presynaptic LTP, possibly through increasing CaZ*
influx or through influencing postsynaptic retrograde signaling through the receptor
tyrosine kinase TrkB202.302,337,348-350  Postsynaptic LTP, on the other hand, is
mediated by altering neurotransmitter receptor density on the synapse and
transcriptionally upregulating synaptic proteins and signaling components351. This
form of LTP i1s most well-studied in the hippocampal Schaffer collateral synapses,
and while both endogenous and exogenous Zn2* have been shown to promote
postsynaptic LTP294.352-359 its mechanism of action is unclear. Furthermore, it is not
fully established how synaptic Zn2* and intracellular Zn2* signaling both contribute
to Zn2*-dependent LTP induction. Some studies investigating LTP and postsynaptic
signaling have focused on the importance of synaptic Zn2* interacting with NMDARs,
AMPARSs, or ZnZ*-specific G protein-coupled receptor GPR39242,308,335,336,355,357  yhile
others indicate that intracellular Zn2+ signals may be responsible for modulation of
Shank-mediated postsynaptic AMPAR density359, BDNF/Src/TrkB signaling337.338,360,

downstream nitric oxide synthase (NOS)/p38 signaling35¢, or downstream
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MAPK/CREB signaling?93.332-334 7Zn2+ may therefore have many roles in LTP and
synaptic plasticity, or specific roles in specific brain areas, but how these functions
connect is still uncertain.

Much of the work concerning the physiological role of Zn2+* in neurons, especially
in relation to how Zn2* may affect intracellular signaling, has taken a targeted
approach to investigating Zn2*-dependent cellular changes by concentrating on
specific signaling proteins or pathways. This focused approach is also characteristic
of the larger field investigating Zn2* signaling in other cell types. As a complementary
approach, we analyzed global Zn2+-dependent gene expression changes upon neuronal
stimulation with potassium chloride (section 2.3.5). In combination with Zn2*
1maging, we were able to characterize specific Zn2*-dependent gene upregulation and

potential signaling pathways upon a modest change in intracellular Zn2+.
1.8 Zn?* in neurological disorders and excitotoxicity

The importance of Zn2* to human health and to the medical field has grown
substantially in the past two decades, partially due to advances in our understanding
of its physiological function, but mostly due to an expanding body of work linking
cellular and synaptic Zn2* to many neurodegenerative diseases and disorders. In
Alzheimer’s disease (AD), elevated Zn2* levels, ZnT3, or Zn2* homeostasis proteins
are evident in brains of AD mouse models and human patients361-367  often linked to
degenerating neurons that have higher AB plaque load368:369, Mice with perturbed
brain Zn2* buffers also show different incidence of AD pathologies370-372, On a
biochemical level, Zn2* stabilizes AB aggregates, possibly through interfering with
proper dimerization or through interactions with the unstructured tail of the

protein?8.373-378  and synaptic ZnZ* and AB may have a synergistic effect on perturbing
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synaptic transmission340:379.380 Although not as widely reported, similar pathologies
and coincidence of Zn2* in protein aggregates have also been seen in Parkinson’s
disease36.381-384 and amyotrophic lateral sclerosis (ALS)385-387 indicating that
elevated Zn2* may also influence the progression of these diseases. In contrast, global
Zm?* deficiency and mutations in vesicular Zn2*-related proteins have been implicated
In schizophrenia3s88, autism389.390 and depression391-393 and Zn?2* is being explored as
a clinical antidepressant394-399, A more thorough understanding of physiological and
pathological Zn2* function would benefit potential therapeutic development for all of
these disorders400,

In addition to (and sometimes overlapping with) neurological disorders, another
major source of neuronal injury 1is excitotoxicity, which can arise from
stroke/ischemia, traumatic brain injury, epileptic seizures, or other insults40l,
Excitotoxicity is generally considered to be excessive release of glutamate from
glutamatergic synapses, which then causes spreading neuronal over-activation and
intracellular stress/death signaling402, As many glutamatergic synapses also contain
Zm2* 1t has long been recognized that Zn2* likely plays a role in excitotoxic cascades.
Ischemia, seizures, and traumatic brain injury (TBI) all can lead to a rapid depletion
of intracellular Zn2* and rise in extracellular Zn2*, sometimes followed by a rise in
cytosolic Zn2* of surrounding neurons403-408, A large body of work has described the
effects of Zn2* perturbations on the pathology of excitotoxicity/ischemic insults in
animals or tissues, with strongly paradoxical results. One set of experiments
describes Zn?* as neuroprotective, as assessed by greater cell death upon Zn2*
chelation or Zn2* deficiency409415 ]ess cell death/greater cell recovery upon Zn2*
supplementation416-422.  or greater susceptibility of ZnT3 KO mice to

injury/seizures#23-426, Another collection of studies postulates Zn2+ as a toxic agent,
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due to cell death upon addition of exogenous Zn2* during injury416427-431
neuroprotective effect of Zn2+ chelation432-449, or neuroprotection of ZnT3 KO or other
Zm?*-buffering protein-related mouse models280.450-453 These studies vary widely in
the methods they use to induce ischemia, injury, or seizures, and they also diverge in
the brain region of the insult. In general, most of the experiments in which Zn2* is
shown to be neuroprotective are in the hippocampal region, with Zn2*-related
inhibition of NMDARs postulated as the primary mode of protection09.416, This
pattern is not uniformly true, however, indicating that much is still unclear about
how Zn?* participates in excitotoxic cascades.

A main downstream component of excitotoxic cell death is oxidative stress, which
has canonically been thought to be primarily mediated by intracellular Ca2+ 402, Zn2*,
however, has also been shown to be an important factor in a feed-forward loop of
reactive oxygen species/reactive nitrogen species (ROS/RNS) generation57.4564-460,
Intracellular rise in ROS/RNS will effectively mobilize Zn2* from intracellular
proteins, particularly metallothioneins, due to the abundance of redox-sensitive
cysteines at Zn?* binding sites461-469, Pathological increases in cytosolic Zn%* can then
induce Zn%* movement into mitochondria, where it inhibits NADPH oxidase, leading
to further ROS generation57.470-477, Whether extracellular Zn2* translocation into
neurons occurs to exacerbate this process during excitoxicity is ambiguous, but
excessive glutamate stimulation/Ca?* influx is sufficient to instigate the Zn2*/ROS
cyclet69, Some signaling proteins, including Akt478, HSP70479, and poly(ADP ribose)
polymerase (PARP)480, have been implicated in mediating Zn2*-dependent oxidative
stress responses in neurons, but it is unclear how Zn2* plays a role in this signaling.
Furthermore, in addition to its function in exacerbating ROS proliferation, Zn2* has

been implicated in neuroprotective and anti-apoptotic signaling during oxidative
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stress!17.481,482 hut whether there is a threshold of Zn2+ that differentiates these roles
is unknown.

In order to more fully understand Zn2*-dependent intracellular signaling
mechanisms during glutamate stimulation of neurons, we analyzed global gene
expression and hundreds of protein phosphorylation states (see sections 3.3.4 and
3.3.5). Even in our mild stimulation conditions, we found evidence of Zn2*-dependent
endoplasmic reticulum-localized stress and potentially anti-apoptotic signaling,
although there was little indication of oxidative stress. We are currently further
investigating and validating these results, but we hope to provide important insight

into how Zn2* may modulate cell stress during glutamate toxicity.
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Chapter 2

Characterization of neuronal intracellular and synaptic Zn2* and Zn2*-
dependent gene expression

2.1 Publication status and author contributions

Sanford, L., Carpenter, M. C. & Palmer, A. E. Intracellular Zn2* transients
modulate global gene expression in dissociated rat hippocampal neurons. Scientific
Reports 9, 9411 (2019).

L.S. and A.E.P. designed the study and wrote the manuscript. L.S. collected and
analyzed all imaging and sequencing data. M.C. collected and analyzed in vitro FRET

sensor data. All authors reviewed the manuscript.
2.2 Introduction

Zinc (Zn?*) is an essential trace element that is increasingly suggested to play a
signaling role in a variety of different cell types. Transient Zn2+* increases have been
linked to many aspects of neuronal regulation and physiology?242:302,483,484 " pro-
inflammatory signaling in monocytes”™, oocyte maturation48>, and modulation of Ca2+*
release in cardiomyocytes®’. In some cases, researchers have identified specific Zn2+*-
sensing proteins, such as neurotransmitter receptors or phosphatasesl10.486-488 o
Zm?*-dependent regulation of signaling pathways, including Zn2* modulation of the
mitogen-activated protein kinase (MAPK) pathway!15.332, However, there is still no
unified mechanistic insight into how Zn2* fluctuations induce changes in cellular

physiology. Using dissociated hippocampal neurons as a model system, we present
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here the first global sequencing-based examination of potential downstream targets
of Zn2* signals.

7Zm?* is concentrated into glutamate-containing synaptic vesicles in subsets of
neurons throughout the brain and is heavily enriched in the hippocampus!?s.
Electrophysiology studies in brain slices have demonstrated that Zn2* is released
upon neuronal activation and modulates postsynaptic glutamate receptors208.302,484,
Transient increases in Zn2* have been observed inside neurons after stimulation,
possibly as a result of translocation of Zn2* from the synapse or release of Zn2* from
intracellular stores2?12.266.289 Both synaptic and intracellular Zn2+ signals contribute
to regulation of short- and long-term plasticity in different areas of the
brain208,242,354489  and genetic or pharmacological manipulation of hippocampal Zn2+
leads to learning and memory deficits in rodents294:305.4% However, the cellular
mechanisms underlying Zn2*-dependent neuronal remodeling are largely unclear.

In order to gain further insight into downstream effects of neuronal Zn?* signaling,
we performed RNA-Seq on dissociated hippocampal neuron cultures. While synaptic
Zn2* has been primarily characterized in brain slices or in vivo in rodent braing208.300,
cultured neurons allow for uniform stimulation of a more homogenous population of
cells than brain tissue. Furthermore, single-cell fluorescence imaging permits more
robust quantification of intracellular Zn2* dynamics than can be accomplished in
tissue, giving us the ability to define a stimulation-induced Zn2* signal and
investigate its downstream consequences. The extent of synaptic Zn2* mobilization in
neuron cultures would inform any analysis of Zn2Z*-dependent global changes.
Unfortunately, while dissociated hippocampal neurons have been shown to both
release Zn?* and exhibit cytosolic Zn2* dynamics upon intensive glutamate

stimulation210289) no rigorous characterization of synaptic Zn2* or synaptic Zn2*
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machinery has been performed in these cultures.

In this work, we aimed to quantify cytosolic Zn2* in dissociated hippocampal
neurons under resting and mild stimulation conditions, characterize the synaptic
Zm?* pools in these neurons, and determine the transcriptional effects of cytosolic Zn2*
signals. We found that dissociated neurons accumulate the synaptic transporter ZnT3
(Slc30ad), responsible for loading Zn2* into synaptic vesicles, although we were
unable to confirm the presence of synaptic Zn2* due to limitations of existing tools.
However, we did find that stimulation of neurons with a short KCIl treatment
generated modest Zn2+ signals that increased 3-fold in the presence of low levels of
exogenous Zn?*. Further, we observed robust Zn2+*-dependent differential expression
of 931 genes, many of which are related to neuronal physiology and synaptic
modulation. To our knowledge, this is the first large-scale experiment to identify
transcriptional changes of Zn2* signals in a mammalian system, and these results can

provide possible mechanistic insight into Zn2*-dependent neuronal plasticity.

2.3 Results

2.3.1 Quantification of resting neuronal Znz*

In order to rigorously define the overall Zn2* status of dissociated hippocampal
neuron cultures, we first characterized resting neuronal cytosolic and synaptic Zn2*.
We used a genetically encoded Zn2* Forster Resonance Energy Transfer (FRET)
sensor to quantify cytosolic labile Zn2* under resting conditions in neuronal cultures
(Figures 2.1A, 2.2). We observed a resting fractional saturation for our sensor of
0.21+0.02, which corresponds to an approximate Zn2* concentration of 60 pM =+ 40
pM (Figure 2.1B). It should be noted that this estimate is based on an in vitro FRET

sensor Kq of 5.3 nM (Figures 2.1B, 2.3), which may be altered in cells. Nevertheless,
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this Zn?* concentration is comparable to that observed in other cell types81.152 and also

1s in accordance with previous measurements in neuronssl.
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Figure 2.1: Genetically encoded Zn?* FRET sensor measurements in resting neurons. (A)
Sample traces from a typical FRET sensor calibration. Each trace is derived from a region of
interest in two separate cells within one field of view. Resting FRET ratios were observed,
followed by treatment with 10 uM TPA and subsequently 10 uM ZnCl2/2.5 uM pyrithione to
determine minimum and maximum FRET ratios, respectively. (B) Quantification of Zn2*
based on the in vitro binding parameters of the sensor. Errors correspond to standard error
of the mean. n=14 cells from 6 separate biological replicates derived from 2 separate cell
preparations.
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Figure 2.2: Representative images of cells expressing Zn2+ sensor ZapCV2. CFP and FRET
channels are shown with corresponding pixel intensity scales, along with ratio images of
relevant neuronal areas within the field of view. Resting images were taken before exogenous
Zn?* perturbation, 10 uM TPA treatment shows unbound sensor (higher CFP intensity, lower
FRET intensity, lower ratio), and 10 pM ZnCl2/2.5 pM pyrithione treatment shows fully
bound sensor (lower CFP intensity, higher FRET intensity, higher ratio). Cells and times
correspond to the traces in Figure 2.1A. Scale bars = 20 pm.

2.3.2 Characterization of ZnT3 in dissociated neurons

There are two main logical possibilities for how cytosolic Zn2+ signals can be

generated. One is that intracellular, protein-bound stores of Zn2* are mobilized upon
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Figure 2.3: In vitro binding curve for genetically encoded Zn2* sensor ZapCV2. Sensor protein
was expressed and purified from E. coli, and sensor fluorescence (Excitation: 420 nm, donor
emission: 475 nm, acceptor emission: 529 nm) was measured in different buffered Zn2*
concentrations. The binding curve shown yielded the parameters Ks = 5.3 nM + 1.1 nM and
Hill coefficient n = 0.29 + 0.02. Error bars indicate the standard deviation of measurements,
and parameter error values correspond to standard error.

stimulation. The second is that Zn2* is released from synaptic vesicles into the
synapse upon stimulation and subsequently translocates across the plasma
membrane into the cytosol of postsynaptic or presynaptic neurons. The latter
possibility depends upon the presence of ZnT3 and concentration of Zn2* into synaptic
vesicles. To determine whether dissociated neuron cultures have the machinery for
synaptic vesicle Zn2* sequestration, we investigated whether the synaptic vesicle Zn2*
transporter ZnT3 (Slc30a3) was expressed in cultures (Figures 2.4 — 2.8). Slc30a3
mRNA and synaptic Zn?* are barely detectable in embryonic brain slices, with both
increasing substantially after birth173.300, Accordingly, Slc30a3 mRNA was not
evident in our cells upon isolation (Day in vitro 0, DIV 0) as measured by RT-qPCR,

but was present at all other timepoints (Figure 2.4). ZnT3 protein was observed by
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Figure 2.4: RNA expression of Zn?* transporter ZnT3 in cultured neurons. RT-qPCR for the
ZnT3 gene Slc30a3 in neuron cultures at day in vitro (DIV) 0, 1, 7, 10, 14, 17, and 21. ACt
values were generated by normalizing threshold cycle values (Ct) to either GAPDH or beta-
2-microglobulin (B2m) as internal controls. Fold changes were calculated with respect to the
DIV14 timepoint. 3-4 technical replicates were run on 1 biological replicate for DIV 0, 1, 17,
and 21, and 3-4 technical replicates were run on each of 2 biological replicates from 2 separate
neuron preparations for DIV 7, 10, and 14. Error bars represent standard deviations,
propagated from technical replicate standard deviations. Data reveal that ZnT3 mRNA is not
expressed at DIV 0 but is expressed at all other timepoints tested.

immunofluorescence, with robust expression after DIV 1 (Figures 2.5A, 2.6). By DIV
10, ZnT3 staining showed a synaptic pattern, colocalizing with presynaptic marker
Synapsinl/2 and lying adjacent to postsynaptic protein Homerl (Figures 2.5B, 2.7).
Co-incubating samples with the ZnT3 antibody and a ZnT3-derived peptide abolished
staining (Figure 2.8). This evidence indicates that ZnT3 is expressed and correctly

localized in dissociated neuron culture.
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2.3.3 Investigation of synaptic vesicle Zn2* in dissociated neurons

Following our observation that synaptic ZnT3 is present in hippocampal neuron
cultures after DIV 10, we carried out a variety of experiments to investigate whether
there was direct evidence for the presence or release of synaptic Zn2* in these
neurons (Figures 2.9 — 2.11). In our first attempts, we applied a Timm stain, a
histological stain that is commonly used to detect Zn2* in brain tissue (Figure
2.9A)491-493 . We observed significant contrast, as evidenced by the dark staining due
to sulfide/silver deposition, in neurons loaded with exogenous Zn2+ (Figure 2.9A,
Zm?*/pyrithione treatment). However, we saw no clear signal corresponding to
endogenous Zn?2* in the cell body or in processes (Figure 2.9A, untreated).

Detecting Zn2* in synaptic vesicles with fluorescent dyes is not straightforward.
While some literature has described the intracellular Zn2*-specific dye FluoZin-3 AM
as having vesicular localization4944%  we have previously shown that FluoZin-3 AM
stains various cellular compartments including the cytosol, nucleus, Golgi apparatus,
and lysosome81:496 and indeed in hippocampal neurons we see primarily a cytosolic
and nuclear localization, with some aggregation in other subcellular compartments
(see Figure 2.12A for FluoZin-3 AM localization). Another reported vesicle-specific

Zm2* fluorescent dye, SpiroZin2, largely colocalizes with lysosomes!224% and in our

Figure 2.5 (p. 24): Expression and localization of Zn2+ transporter ZnT3 in cultured neurons
by immunofluorescence. (A) ZnT3 (synaptic vesicle Zn%* transporter, pseudocolored green or
displayed in grayscale below) and Homer1 (post-synaptic density protein, pseudocolored red)
are stained at different timepoints in culture. ZnT3 increases in expression over time in
culture, and shows synaptic localization starting at DIV 10. Channel intensities of all images
are scaled identically. (B) 2D correlation coefficients calculated on raw immunofluorescence
images. Smaller correlation coefficients are more likely to represent less colocalization. ZnT3
maintains a high correlation coefficient compared to Synapsinl/2 across the time course,
whereas Synapsinl/2 compared to Homerl and ZnT3 compared to Homerl decrease over
time. Each DIV/protein comparison is one biological replicate, with each dot representing a
separate field of view within the sample. Scale bars = 10 pm.
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neuron cultures seems restricted to compartments in the cell body or rapidly
trafficking along processes. Thus, FluoZin-3 AM and SpiroZin2 were deemed
unsuitable for synaptic vesicle detection in our system. We also attempted to use
ZIMIR, a Zn2*-specific membrane dye, to quantify Zn2* release upon stimulation
(Figure 2.10), but were unable to show any stimulation-specific change in
fluorescence.

Synaptic vesicle localization and dynamics have been previously visualized with
stimulation-dependent uptake of membrane-bound FM dyes497.498, We adapted this
technique to load synaptic vesicles with a membrane-impermeant version of FluoZin-
3 (Figure 2.9B). Briefly, we electrically stimulated cells in media containing both
membrane dye FM 4-64 and a high concentration of FluoZin-3. As vesicles fuse with
the plasma membrane, fluorescent dyes can diffuse from the membrane or media into
the vesicular lumen. We observed vesicular puncta that colocalized with FM 4-64
when this procedure was carried out with FluoZin-3 complexed with exogenous Zn2*

(Figure 2.9B, FluoZin-3/Zn?* loaded), suggesting the soluble FluoZin-3/Zn2* complex

Figure 2.6 (p. 26): Quantification of immunofluorescence signal. (A) Boxplots of integrated
intensity measurements of images for each separate primary/secondary antibody
combination. Synapsinl/2 and Homerl graphs include data from two biological replicates at
each timepoint, whereas each ZnT3 graph includes data from one biological replicate at each
timepoint, measured with the same primary antibody and different secondary antibodies
(named by wavelength). Each dot represents the integrated intensity value of one full field of
view within a sample. ZnT3 and Synapsinl/2 show increased signal over time, peaking at
day in vitro (DIV) 14. Homerl, in contrast, shows level/decreasing signal after DIV1. (B)
Intensity measurement trends do not change if data is filtered. Adaptive thresholding was
applied to images in MATLAB to filter background areas before integrated intensity
calculation. ZnT3 (594 nm secondary antibody) and Homerl are shown as representative
examples of filtered data. Compared to the corresponding graphs in (A), the spread of the
data decreases, but overall trends remain the same. Replicates are the same as in part (A).
(C) Ratio measurements comparing signal within the same field of view. Ratios indicate that
signal intensities for Synapsinl/2 and ZnT3 increase over time relative to Homer1, especially
after DIV10, and that Synapsinl/2 intensity increases more substantially than ZnT3.
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Figure 2.7: Pre-synaptic localization of ZnT3. Immunofluorescence co-staining of day in vitro
(DIV) 10 neuron cultures for ZnT3 (green) and pre-synaptic vesicle protein Synapsinl/2 (red)

shows substantial colocalization (top), whereas co-staining for ZnT3 (green) and post-
synaptic protein Homerl (red) displays little colocalization (bottom). Scale bars = 10 um.
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Figure 2.8: Specificity of ZnT3
immunofluorescence in DIV 10
neuron cultures. For the culture
displayed on the right, ZnT3
primary antibody was pre-
incubated with a peptide derived
from ZnT3, which abolishes most
immunofluorescence signal.
Individual channel intensities of
both images are scaled
identically. Scale bars = 10 um.
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Figure 2.9: Attempts to visualize Zn?* in synaptic vesicles. (A) Timm’s stain of neurons at
DIV 10. Cultures were stained+/—treatment with 20 uM ZnCl2/2.5 uM pyrithione for
8 minutes prior to staining. Timm’s stain was visible in cell bodies and processes of treated
neurons (right), but not visible under endogenous Zn2+ conditions (left). (B) Dye loading of
stimulated neurons. Cultures were electrically stimulated in the presence of extracellular
fluorescent dyes FluoZin-3 (10-50 uM, green) and FM 4-64 (5 uM, red), then washed to allow
visualization of internalized dye. In some samples, 10 uM ZnCl: was added to media before
and during stimulation. FluoZin-3 puncta present upon co-incubation with Zn2* indicate
successful dye loading; however, no puncta are visible under endogenous Zn?* conditions.
Scale bars = 10 um.
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Figure 2.10: Fluorescence signal of the extracellular Zn2*-specific membrane dye ZIMIR.
Cultures were incubated for 20 minutes with 5 uM ZIMIR prior to imaging. (A) Exogenous
Zn?* perturbations of ZIMIR-incubated neurons. The dye is responsive to treatment with 10
uM TPA and 10 puM ZnCls, indicating that the observed fluorescence can change depending
on the presence of extracellular Zn2*. (B) ZIMIR fluorescence upon neuronal stimulation.
Cells were electrically stimulated (left panel, stimulation time indicated by blue box) or
imaged without application of stimulation (right panel). Electrically stimulated cells were
incubated in normal media or media containing an additional 10 uM ZnCl: for 0.5-48 hours
(“Cultured + Zn2*’ condition). Signal is variable, but generally increases over time regardless
of condition. The lack of response of ZIMIR to stimulation could be due to a lack of releasable
vesicular Zn?* in these cultures, or it could be due to limitations in the dye itself. For example,
the Kq for ZIMIR is 450 nM499, which would be too high to allow the dye to respond effectively
to Zn?* release in the low nanomolar range?!2,
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can be taken up into vesicles upon neuron stimulation. However, in the absence of
pre-loading with exogenous Zn2+, the FluoZin-3 signal was extremely dim and no clear
vesicular puncta were visible (Figure 2.9B, FluoZin-3 loaded). As this is an intensity-
based dye, lack of signal could be due to several factors, including limited amount of
dye uptake, slow dynamics of Zn2+* reloading after release into the extracellular space,
or an increase in the Ky of FluoZin-3 for Zn2* in the vesicular environment. We
attempted to shift the equilibrium by adding extracellular Zn2* after loading, but this
had little effect on the vesicular FluoZin-3 signal (Figure 2.11). It is also possible that
the amount of FluoZin-3 successfully loaded in vesicles was insufficient to compete
away endogenous Zn2* ions from the glutamate present in the vesicles, as glutamate
likely coordinates Zn2+ to some extent!35.500,

Cumulatively, these experiments suggest that while dissociated hippocampal
neurons do correctly express and localize ZnT3, we were unable to confirm the
presence of synaptic Zn2*. These results could indicate a lack of synaptic Zn2*, or they

could reflect limitations of the applied tools in allowing us to detect it.
2.3.4 Measurements of Zn2+* dynamics upon KCI stimulation

In order to visualize Zn?* dynamics in excited neurons, we imaged neurons with
cell-permeant Zn2+-specific dye FluoZin-3 AM during stimulation with KCI
(Figure 2.12). FluoZin-3 AM has been shown to be unresponsive to physiological
perturbations of Ca2* concentrations4®®, so changes in fluorescence during neuron
stimulation specifically represent Zn2+ dynamics. We observed that with a 10 second
KCI treatment alone, neurons exhibited a small but significant rise in cytosolic Zn2*,
which often recovered to baseline values after the treatment was removed, although

some cells had a more sustained response (Figure 2.12C,D, KCI stimulation). We
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Figure 2.11: Zn?* treatment of FluoZin-3 loaded neurons. Neurons loaded with FluoZin-3 by
electrical stimulation were imaged (left), then treated with 50 uM ZnCl2 and imaged again
(right). Overall signal increases, but synaptic puncta do not appear. Scale bars = 10 pm.

detected a similar Zn2+* rise using the ZapCV2 sensor (Figure 2.13). With FluoZin-3
AM, we observed that this Zn2* signal increased if neurons were treated with KCI in
the presence of 10 uM extracellular Zn2*, and the cells showed a similar variation in
length of response (Figure 2.12B,C, KCl/Zn2* stimulation). Mild KCI treatment thus
induces an endogenous rise in cytosolic Zn2* that can be potentiated by extracellular
Zmn?* addition (Figure 2.12D). Using the in vitro Ka of FluoZin-3 (9.1 nM)501, the
measured rise corresponds to an increase in Zn2* concentration from roughly 110 pM
to 150 pM in the absence of exogenous Zn2*, and from 110 pM to 220 pM in the
presence of 10 uM exogenous Zn?*. The estimated concentrations indicate that

neurons experience a modest increase in labile Zn2* upon stimulation.
2.3.5 Analysis of Zn?*-dependent gene expression upon KCI stimulation

We broadly characterized the immediate transcriptional effects of the KCI-

dependent Zn2* increase by performing RNA-Seq on cells harvested 90 minutes after
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treatment with KCl in the presence and absence of extracellular Zn2* or the
membrane-permeable Zn2+*-specific chelator TPA (Figure 2.14). We used the same
10 second KCI stimulation as our imaging experiments in order to minimize cell
stress and identify transcriptional effects arising from subtle Zn2+ increases that may
more closely mimic physiological signals than extended treatment with high
concentrations of Zn2*. It is well established that KCI treatment induces membrane
depolarization and Ca2* influx in excitable cells such as neurons. However, the KCl
treatment remained constant across our conditions, and comparisons across
conditions were thus representative specifically of Zn2+ perturbations. Differential

expression analysis indicated that mild exogenous Zn2+ treatment during stimulation
significantly alters expression of 931 genes, which can be seen as the blue dots in a
volcano plot of the statistical significance vs. fold change of differentially expressed
genes (Figure 2.14A,B). In contrast, KCIl stimulation in the presence of TPA had no
detectable effect on gene expression compared to KCl treatment alone, likely
indicating that TPA had little effect on Zn?* dynamics during the short time (10 sec)
of stimulation. Less overall differential expression was observed between the
KCl/Zn2+ and KCI/TPA conditions than between the KCl/Zn2* and KCI conditions.
This observation could result from a high degree of variability among the biological
replicates for KCI/TPA and intermediate values based on principal component
analysis (PCA), which resulted in fewer genes identified as differentially expressed
(Figure 2.15) We note that while the number of genes whose expression is altered by
Zm?* perturbations is exciting, the degree of change is small, likely because of the mild
Zn2* perturbations and heterogeneity in both the Zn2+ signal (Figure 2.12) and
transcriptional response (PCA in Figure 2.15). We attempted to validate the

expression changes by RT-qPCR for three hits (Slc30a3, Slc39al10, and Sikl)
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and found that we could reproduce the trend in expression for two of the three genes
but the effects were not statistically significant due to small sample size (Figure 2.16).

We examined enrichment of gene ontology (GO) terms between KCl/Zn%* and KCl
stimulation conditions using both Gene Set Enrichment Analysis (GSEA) and the
Functional Analysis tool in the DAVIDtools Suite (Figure 2.14C,D). GSEA measures
whether genes in a gene set (related to a certain GO term, in this case) are distributed
at random in a dataset ranked by fold change between two conditions, or whether the
set genes are over<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>