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ABSTRACT

Zn is a transition metal that fulfills many roles in mammalian cells, from
structural support for many proteins, to second messenger and enzymatic cofactors.
Specific neuronal terminals in the hippocampus contain higher Zn concentrations than
other brain cells, but it is still unclear as to why Zn accumulates there. Since Zn is co-
packaged with the neurotransmitter glutamate in synaptic vesicles, one possibility is that
it gets released during neurotransmission. To study zinc uptake in the cytoplasm and the
possibility of Zn release, we employed different fluorescent Zn indicators. These dyes
passively cross the cell membrane and become fluorescent upon zinc binding. We found
that the extracellular concentration of zinc and therefore zinc influx into the cell is limited
by the presence of phosphate, which induces zinc precipitation by forming insoluble zinc-
phosphate salts. Zinc solubility and influx is increased by the application of histidine to
the extracellular medium. We also found that exogenously applied zinc in the presence of
a zinc ionophore seems to translocate in vesicles and cytoplasmic compartments. Zinc
seems to be very tightly buffered as it enters the cytoplasm, since transient increases in
fluorescence (as observed during Ca®" influx into the cytoplasm) are not observed. Our
data also seems to indicate that zinc is not being freely released in the extracellular space,

but is being externalized instead.
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ABSTRACT

Zinc is a transition metal that fulfills many roles in mammalian cells, from
structural support for many proteins, to second messenger and enzymatic cofactors.
Specific neuronal terminals in the hippocampus contain higher zinc concentrations than
other brain cells, but it is still unclear as to why zinc accumulates there. Since zinc is co-
packaged with the neurotransmitter glutamate in synaptic vesicles, one possibility is that
it gets released during neurotransmission. To study zinc uptake in the cytoplasm and the
possibility of zinc release, we employed different fluorescent zinc indicators. These dyes
passively cross the cell membrane and become fluorescent upon zinc binding. We found
that the extracellular concentration of zinc and therefore zinc influx into the cell is limited
by the presence of phosphate, which induces zinc precipitation by forming insoluble zinc-
phosphate salts. Zinc solubility and influx is increased by the application of histidine to
the extracellular medium. We also found that exogenously applied zinc in the presence of
a zinc ionophore seems to translocate in vesicles and cytoplasmic compartments. Zinc
seems to be very tightly buffered as it enters the cytoplasm, since transient increases in
fluorescence (as observed during Ca”” influx into the cytoplasm) are not observed. Our
data also seems to indicate that zinc is not being freely released in the extracellular space,

but is being externalized instead.
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CHAPTER L.
INTRODUCTION

Scope of Research

Zinc is a transition element that is found in all cells and is necessary for life
(Dyck, 2009; King and Cousins, 2006; Prasad et al., 1963). Zinc provides an important
structural and stabilizing role to several hundreds of proteins and is an essential co-factor
for many more enzymes (Vallee and Falchuk, 1993). Zinc is also involved in stabilizing
DNA, RNA and ribosome structures (Dyck, 2009; MacDonald, 2000). Proteins that have
a zinc-binding motif constitute almost half of the proteins required for regulating
transcription, (Dyck, 2009; Tupler et al., 2001) whereas genes that encode for proteins
that contain zinc-binding sites comprise almost 10% of all genes in the human genome
(Cousins et al., 2006; Dyck, 2009; Lander et al., 2001; Venter et al., 2001).

By fulfilling these roles in proteins and enzymes, zinc is involved in the
regulation of many processes in the body such as the immune system, DNA synthesis,
behavioral response, reproduction, fetal development and membrane stability, bone
formation, and wound healing, cell proliferation and normal growth, brain development
and oxidative stress to name a few (Barceloux, 1999; Dyck, 2009; Halstead et al., 1972;
Oteiza and Mackenzie, 2005; Prasad, 1991).

In the brain, zinc is tightly regulated and exists in two different states. In the first
state zinc is tightly bound to proteins as a co-factor aiding in their function and also to
regulatory proteins such as metallothioneins. In the second state, zinc is loosely
associated with the synaptic vesicles in certain glutamatergic pathways such as in the
hippocampus and is termed chelatable zinc.

Protein bound zinc is histochemically invisible, but the so-called chelatable zinc
within the vesicles can be easily visualized with histochemical methods (Frederickson,

1989). The first report of a pre-synaptic vesicle containing zinc was over forty years ago



by Finn-Mogens Haug in 1967 (Haug, 1967). Most of the zinc-containing vesicles are
glutamatergic and given that glutamate is the most important and most abundant
excitatory neurotransmitter in the brain, it has been proposed that zinc might be involved
in the neurotransmission process as well. Interestingly, zinc is not only abundant in
overwhelmingly glutamatergic pathways, but its distribution in these pathways within the
same brain structure also varies. For example, in the hippocampus, zinc is restricted to
areas containing synapses such as the dentate gyrus and mossy fibers, however the
pyramidal cell body layer and the granule layer seem to strangely lack synaptic zinc
(Slomianka, 1992). The protein that is crucial in stocking zinc into synaptic vesicles was
first identified by Palmiter’s group more than a decade ago (Cole et al., 1999; Palmiter et
al., 1996; Wenzel et al., 1997a), however deletion of the gene that encodes for this
protein and subsequently, loss of all chelatable zinc in the brain led to no apparent defects
in animals (Cole et al., 2001; Lopantsev et al., 2003), except for a slightly higher
susceptibility to kainic acid-induced epileptic seizures (Cole et al., 2000). This suggests
that chelatable zinc may not important enough, or that the brain somehow compensates
for the deletion of ZnT3, or that the real defects are hid so well as to evade the scrutiny of
scientists so far. The very existence of chelatable zinc in such high concentration
(>300uM) as well as the energetic cost of packaging and maintaining zinc levels in
glutamatergic vesicles negates the idea that chelatable zinc is insignificant (Budde et al.,
1997; Frederickson, 1989; Frederickson et al., 1983; Xie and Smart, 1991).

If zinc is important in neurotransmission and plays a role in modulating the
synaptic response it has to fulfill certain universal conditions established for
neurotransmitter molecules. First, it has to be located pre-synaptically; second, it has to
be released during synaptic transmission; third, if it is released, it should exert an effect in
the post-synaptic cell and last, its action on a post-synaptic cell should be blocked via an
antagonist.

Two of these criteria have been widely established. Zinc is located in pre-synaptic



cells and it does influence many post-synaptic receptors. Evidence seems to point out that
exogenously applied zinc modulates several major ligand-gated ion channels such as y-
aminobutyric acid (GABA) and glutamate receptors. GABA is the major inhibitory
neurotransmitter in the brain and its receptors are divided into two groups: GABA, and
GABAG. Of these two receptors, GABA seems to be susceptible to exogenous zinc
(Westbrook and Mayer, 1987), while GABAg is not (Lambert et al., 1992). Since zinc
has been shown to block N-methyl-D-aspartate receptors (Peters et al., 1987; Westbrook
and Mayer, 1987) and GABA4 receptors (Smart and Constanti, 1990; Westbrook and
Mayer, 1987) it has been suggested that zinc might play a protective role. In high
concentrations however, zinc can become neurotoxic (Duncan et al., 1992).

All of the current work on zinc however, does not provide a definite answer as to
what its role is in synaptic transmission, nor is it absolutely clear whether zinc is being
released with glutamate during synaptic transmission. The goal of this research is to use
zinc-selective fluorescent probes to determine if zinc is being released in the extracellular

medium.

Thesis Overview

The aim of this research is to determine whether hippocampal zinc is released
during synaptic transmission as well as to evaluate zinc homeostasis and cell regulation
using fluorescent probes. We first performed fluorescence experiments with the zinc-
selective probe ZnAF-2 and different intracellular and extracellular chelators to monitor
the possible zinc release during brain slice stimulations with elevated KCl. The widely
accepted view is that zinc is released during stimulation as the synaptic vesicles fuse to
the synaptic terminal membrane and is then free to diffuse in the synaptic cleft. This is
known as the Zinc-release hypothesis. Our experiments have revealed the possibility that
zinc is not being released, but is however externalized during stimulation and subsequent

vesicle fusion. We hypothesize instead that zinc is bound within the synaptic vesicle to a



membrane protein or other molecule as a ternary complex. Zinc remains bound even after
the vesicles fuse to the membrane and is not released and free to diffuse in the synaptic
cleft. We have termed this hypothesis: the zinc externalization. The difficulty in
determining that zinc is not fully released in the extracellular medium during synaptic
transmission lies in the fact that the extracellular chelators, which are meant to intercept
the released zinc, may in fact still strip zinc off even if it is only externalized in the form
of a ternary complex with the fluorescence probe and a membrane protein. And finally,
we have performed experiments with a different zinc-selective probe FZ3-AM and ZnT3
knock-out mice that are meant to reveal how zinc is buffered as it enters the cytoplasm.
These measurements demonstrate how quickly free zinc gets sequestered once it enters
the cell and where it localizes (if it stays in the cytoplasm or if it makes its way into
synaptic vesicles). The work presented in this thesis provides evidence that questions the
Zinc-release hypothesis and lends support to the zinc externalization hypothesis.
Evidence put forth in this thesis also supports the fact that free zinc is quickly buffered in
the cell by such molecules as Metallothionein (MT) or Glutathione (GSH), however more

work needs to be done to fully understand these processes.



CHAPTER II.
THEORETICAL BACKGROUND

Zinc in the Brain

The Hippocampal Anatomy

The hippocampus is a unique component of the mammalian brain, which is
organized on quite different principles from the adjacent neocortex. It is located in the
medial temporal lobe against the floor of the lateral ventricle. De Garengeot was the first
to christen the hippocampus as Cornu Ammonis (Latin for horn of the ram) in 1742, after
Amun Kneph, the Egyptian mythological god. This terminology still remains today as
part of the notation of the different areas of the hippocampus, CA1 — CA3 (CA standing
for cornu ammonis) though it does not describe the whole hippocampal structure any
longer. The term hippocampus was introduced by the Italian anatomist Giulio Cesare
Aranzi in the 16™ century due to its resemblance to the sea-horse. In 1886, Camillo Golgi
used his new silver staining technique to reveal the beautifully arranged layers of the
hippocampus (2007; Mazzarello, 1999).

The hippocampus is organized in highly laminated areas with two distinct double
horseshoe shapes (see figure 1). The hippocampus is part of a larger structure called the
hippocampal formation, which is divided into the dentate gyrus, CA1-4, subiculum,
presubiculum, parasubiculum and the entorhinal cortex (figure 1). The hippocampus itself
is then divided into the dentate gyrus and CA1 — CA4 (Bentivoglio and Swanson, 2001).

The dentate gyrus (DG) is probably the most distinctive area of the hippocampal
formation, with a characteristic V or U shape and no subdivisions. The DG receives its
primary input from the entorhinal cortex via the perforant pathway. Cells in the dentate
gyrus form a separate layer called the granule cell layer. The axons of these cells send out
projections that are bundled together in a layer called the mossy fiber pathway and form

the hilus with its characteristic V or U shape (O'Keefe and Nadel, 1978). The mossy



fibers form synapses onto cells in area CA3 of the hippocampus, which in turn synapses
with cells in the area CA1, called the Schaffer Collateral projection after the Hungarian
anatomist Karl Schaffer (1892) who first discovered it. A prominent feature of the areas
CA1 and CA3 is the pyramidal cell layer that they form. The cell bodies of this layer are
large and pyramid shaped (O'Keefe and Nadel, 1978). Originally classified by Lorente
De No, the CA layers were divided into CA1-3, with CA2 having the large pyramidal cell
body like CA3, but like CA1 does not receive input from the mossy fibers of the dentate
gyrus. CAl receives inputs from both the CA3 and the entorhinal cortex and projects
primarily to the subiculum. The subiculum, parasubiculum and presubiculum are
sometimes described together as the subicular complex. These structures have different
anatomical features and are thought of as separate cortical areas. The end of the Schaffer
collateral inputs from CA3 marks the border between subiculum and CA1. The
presubiculum lies next to the subiculum, but its layers have not yet clearly been
differentiated. The parasubiculum is next to the presubiculum and it contains a wedge-
shaped cell layer that resembles the cells of the presubiculum, but is not as dense (2007).
The flow of input is entorhinal cortex, to dentate gyrus, to CA3, to CAl, to the

subiculum.

Neural Signaling

To understand in part why it is important that zinc is found in such high
concentrations in some glutamatergic synapses, it is important to take a look at the make-
up of a synapse and the basis of neural signaling in the brain in general. The cells that
constitute the nervous system are divided into nerve cells called neurons and supporting
cells called neuroglia. The neuronal cells are divided into the cell body and neurites,
which are cellular extensions of the nerve cells. Neurites are divided into dendrites and
axons. Information processing in the nerve cells is passed on from dendrite to axon.

Neurons contain the same organelles as all cells, but their distribution may be more



specific to certain regions of neurons (2004). Moreover, cells of the nervous system differ
in the organization of the proteins that make up the cytoskeleton (2004; O'Donnell et al.,
2009; Qian Cai and Sheng, 2009). Even though these proteins such as actin, myosin and
tubulin are found in other cells, the specific organization that is found in neurons speaks
to the importance of the cytoskeleton to the stability and proper functioning of the
neuronal projections and synapses of neuronal cells. These proteins are crucial in the
development of axons and dendrites as well as the positioning of the many cellular
components including vesicles (2004). The most prominent feature of neurons is their
widespread branching, especially the elaborate branching of the dendrites. These
dendrites that branch out of the cell body are the points of contact between adjacent
neuronal cells. There is a wide distribution of dendrite arborizations depending on the
specific function of the neuronal cell. Some cells do not contain any dendrites at all;
while others contain such an elaborate branching of dendrites they resemble trees. This
feature also determines the number of inputs that a neuronal cell receives. Cells that
contain no dendrites receive input from very few cells, while others that contain many
dendrites receive input from a large number of other neuronal cells. This input is made
through contacts between the axonal projection of the pre-synaptic cell and the dendrites
of the post-synaptic cell. This contact is also known as synaptic terminal (2004). The gap
between the pre- and post-synaptic cells is called the synaptic cleft and is approximately
20 nm wide. The two cells then communicate by the release of chemicals into the
synaptic cleft and their binding to receptors on the post-synaptic cell. The number of
inputs that a certain cell receives is anywhere from 1 to 100,000. This indicates that there
is a specialization of the function of each nerve cell and the number of inputs each cell
receives dictates its function. The basis of signal propagation in a neuronal cell is called
an action potential. The action potential is an electrical wave that is transmitted from the
point where it is initiated, down the axon and toward the synaptic terminal (2004). The

secretory organelles located in the pre-synaptic terminal are called synaptic vesicles.



These spherical entities are about 50 nm in diameter and contain neurotransmitter
molecules. These molecules are released in the synaptic cleft during synaptic
transmission and modify the response of the post-synaptic cell by binding to specific
receptors on the post-synaptic membrane. There is a signal transduction that occurs in the
synaptic cleft. An electrical signal is propagated through the axon to the axonal terminal.
This signal is then transformed into a chemical signal in the synaptic cleft and then back
to an electrical signal in dendrite of the post-synaptic cell. The electrical signal that is
propagated in the axon is called an action potential (also called impulse) (2004). So how

is an action potential generated?

The Action Potential

Neurons are polarized cells and possess a potential difference across the
membrane at its resting state. This potential difference is called the resting membrane
potential and its value depends on a particular neuron (ranging anywhere from -40 to -
90mV). When the membrane is depolarized (membrane potential becomes more positive
on the inside than outside) beyond a certain level called the threshold potential, an action
potential is generated (2004). The action potential is made possible by the movement of
ions across the neuronal cell membrane. The ions responsible for the establishment of the
membrane potential are the K™ and Na" ions. The concentration of K" ions is greater on
the inside of the membrane (100 mM) than outside (5 mM), whereas the opposite is true
for the Na" ions (15 mM inside and 150 mM outside). Due to this difference in
concentrations as well as the membrane permeability for these ionic species, an electrical
signal can be generated (2004).

The action potential is propagated forward from the point of initiation and down
the axon terminal. The inward current of Na" ions precedes the action potential and
depolarizes the membrane ahead of the action potential to the threshold level, causing it

to move forward. This is followed by an outward current of K™ ions, which



hyperpolarizes the membrane (makes the membrane more negative on the inside than
outside) and quickly re-establishes the resting potential. The current that propagates
through the axon is inversely dependent upon the distance travelled. The increase in
distance is achieved by the use of myelination, which is the wrapping of axons with
layers and layers of membrane from oligodendrocyte cells (in CNS and Schwann cells in
PNS) (2004). Myelination increases membrane resistance by tens to hundreds of times.
The voltage gated ion channels that are necessary for action potential generation are
located only on certain gaps in the myelin sheath called the Nodes of Ranvier. This
confines the current only to these Nodes and the action potential is said to jump from

node to node. This is known as saltatory conduction (2004).

Synaptic Transmission

As stated earlier, neurons communicate with each other at synapses via the release
of neurotransmitter molecules. Neurotransmitters can be released in the synaptic cleft
when the pre-synaptic terminal gets depolarized. Neurons require sufficient stimulus to
release neurotransmitter from the pre-synaptic terminal, thus they have to integrate the
inputs they receive from other neurons both temporally and spatially (2004).

Most excitatory synapses occur on little protrusions on dendrites that are called
dendritic spines. Depolarization of the synaptic terminal membrane is required for
synaptic vesicle fusion and neurotransmitter release. These vesicles are docked at release
sites at the pre-synaptic terminal, ready to be activated.

The synaptic vesicle pool is divided into 3 main groups: the readily releasable
pool, the recycling pool and the reserve pool (figure 2a). The readily releasable pool is
made up of synaptic vesicles that are docked at the site of release called the active zone
and are immediately available after stimulation (Rizzoli and Betz, 2005). Not all the
vesicles in the active zone are part of the readily releasable pool however (Rettig and

Neher, 2002; Rizzoli and Betz, 2005). The ready releasable pool is itself divided into the
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slowly releasable pool and the rapidly releasable pool (Rettig and Neher, 2002). The
readily releasable pool is depleted similarly by using several stimulation methods such as
5-15 shocks of high-frequency electrical stimulation, 1s of hypertonic shock, or a few ms
of depolarization (Rizzoli and Betz, 2005). The recycling pool is defined as the synaptic
vesicle pool that release under moderate stimulation (Rizzoli and Betz, 2005). This pool
is accessed by stimulation with physiological frequencies and it is continuously refilled
with vesicles that have released and are refilled with neurotransmitter. This pool makes
up 5-20% of all synaptic vesicles (Rizzoli and Betz, 2005). The vesicles in the reserve
pool are released only during periods of intense stimulation. They make up 80-90% of all
synaptic vesicles. Physiological activity is not sufficient to cause the release of the
reserve pool. It has been suggested that this pool is mobilized only when the reserve pool
is exhausted (Rizzoli and Betz, 2005). The activation of the synaptic vesicle pool is
achieved through Ca®" influx into the terminal during cell depolarization (2004). The
potential change activates voltage gated Ca>" channels, which allow Ca*" ions to pour in
due to the large concentration gradient (about 100 nM inside and 2 mM outside).
Synaptic vesicles undergo exocytosis and fuse to the cell membrane in a Ca**-dependent
process, allowing for neurotransmitter release. Vesicles can undergo two types of
exocytosis: complete fusion at the synaptic membrane (also called full fusion), or a
partial fusion called “kiss and run” (figure 2b) (He and Wu, 2007). Heuser and Reese first
showed full vesicular fusion over 30 years ago, by observing the full collapse of the
vesicle at the synaptic membrane and subsequent endocytosis and recycling of the vesicle
(Heuser and Reese, 1973). In a series of papers, Ceccarelli et al. provided evidence of the
“kiss and run” vesicle fusion (Ceccarelli et al., 1972, 1973), where the vesicle forms a
fusion pore (Breckenridge and Almers, 1987; Fesce et al., 1994; Zimmerberg et al., 1987)
and recycles rapidly via endocytosis without complete collapse at the synaptic membrane.
The two modes of fusion yield different neurotransmitter release and the cell may use

both to regulate synaptic strength and plasticity (He and Wu, 2007).
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The proteins that are involved in the fusion of vesicles with the membrane are
very specific and their activity is tightly regulated. One type of protein that is required is
called SNARE (Snap Receptor protein) and is found in both the vesicle (V-SNARE) and
the target membrane (T-SNARE). This pair interacts very specifically to bring the
membranes together and prepare them for the fusion process. Another protein called
Synaptotagmin regulates the interaction of V- and T-SNAREs and blocks the fusion of
the vesicle with the membrane. In the presence of Ca®", synaptotagmin undergoes a
conformational change and the fusion process is free to proceed (2004).

Once the vesicles fuse and the neurotransmitter is released, it diffuses across the
synaptic cleft and binds to specific receptors in the post-synaptic cell, causing a
conformational change and allowing a flux of Na" ions and subsequent membrane
depolarization in the post-synaptic cell. The action potential has then been successfully

transmitter from one cell to the next (2004).

Zinc in the Hippocampus

Zinc in the hippocampus was discovered more than 5 decades ago via a
histochemical stain that first rendered it visible in the mossy fiber pathway (Maske,
1955). Subsequent techniques such as Timm’s stain were developed to improve the
visualization of the metal in hippocampal synaptic terminals (Kay and Toth, 2008).
Timm’s stain uses silver sulfide to precipitate zinc as an insoluble salt and then silver is
deposited to intensify the staining (Cassell and Brown, 1984; Haug, 1967; Timm, 1958).
This form of zinc is called “free” or “chelatable” zinc as opposed to the zinc that is
tightly bound to proteins and enzymes as a structural support, or as a co-factor (Kay et
al., 2006; Kay and Toth, 2006). Zinc is found in glutamatergic synapses (synapses
containing glutamate as their main neurotransmitter) in the brain (Frederickson et al.,
1990; Kay and Toth, 2008), however only a subset of about 50% of glutamatergic

synapses contains zinc. This distribution is also true for the hippocampus that while the
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mossy fiber pathway contains high concentrations of chelatable zinc (>300uM); other
areas seem to lack it. This remains a central issue in determining the role of zinc at these
synapses. Glutamate is the main excitatory neurotransmitter in the brain, therefore due to
the co-packaging of zinc with glutamate in these vesicles, it has been postulated that zinc
may be involved in glutamate neurotransmission such as glutamate transport, packaging

and even modulating its response as a neurotransmitter (Frederickson et al., 1990).

Zinc in Synaptic Vesicles

While about 80% of zinc in the brain is bound to enzymes and proteins and
fulfills roles such as structural support or co-factor, the rest of the zinc is sequestered
within synaptic vesicles (Frederickson, 1989). While this zinc is certainly not completely
free, it is not as tightly bound as the zinc that is part of proteins or enzymes. This zinc is
most likely coordinated to certain transmembrane molecules or proteins in the synaptic
vesicle. Vesicular zinc is mostly found in neurons that use glutamate, glycine or GABA
as their main neurotransmitter (Nakashima and Dyck, 2009). Zinc-containing glycinergic
neurons are mainly located in the spinal cord, while GABAergic neurons that contain
zinc in their synapses are found mainly in the cerebellum and spinal cord (Birinyi et al.,
2001; Wang et al., 2002; Wang et al., 2001). The largest population of vesicular zinc is
found in glutamatergic neurons, however not all glutamatergic neurons are rich in
synaptic zinc (Beaulieu et al., 1992; Slomianka, 1992). These zinc-rich neurons are found
mainly in cortex, hippocampus, amygdala and the olfactory bulb (Dyck, 2009;
Frederickson and Moncrieff, 1994; Ichinohe and Rockland, 2005; Perez-Clausell, 1996).
Interestingly, vesicular zinc distribution within a specific brain structure may change as
well. For example, in the hippocampus vesicular zinc is consigned to the synaptic
terminal layer such as the mossy fiber, but is largely absent from the cell body layer such
as pyramidal and granule cell layers. The same is true in the cortex, where layers I — 11

and V — VI are rich in synaptic zinc, but layer VI contains little zinc (Dyck et al., 1993).
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Free vs. Bound Zinc

As mentioned earlier, most of the zinc found in the brain is bound to proteins and
enzymes and only about 20% is in a loosely bound state. Intracellular concentrations of
free zinc are low (estimated to be in the pM to nM range) (Bird et al., 2003; Fierke and
Thompson, 2001; Green and Berg, 1990; Michael et al., 1992) suggesting that it is tightly
buffered in the cytoplasm. In addition to proteins such as alcohol dehydrogenase and
Cu/Zn superoxide dismutase, which use zinc to properly function, there are other proteins
or small molecules that regulate free zinc concentration. Such molecules are typically
rich in cysteine or histidine residues and include metallothionein/thionein (MT/T) pair
and glutathione. Other low affinity zinc binding sites exist that include lipids, DNA or
proteins and small molecules such as citrate also play a regulatory role for zinc (Eide,
2006). MT is one of the main regulatory proteins for intracellular zinc. MT was isolated
over 5 decades ago from equine kidney cortex (Margoshes and Vallee, 1957). MT has a
dumbbell shape and binds up to seven zinc ions in two distinct zinc-cysteine clusters of
the form Zn,Cys, and Zn,Cys,, (Maret, 2003). These 20 Cys residues are highly
conserved and essential to the structure and function of MT (Maret, 2009). Each zinc ion
is tetrahedrally coordinated with sulfur ions, however the zinc binding affinity of the
different sites varies with one being weak, two intermediate and four high affinity (Krezel
and Maret, 2007). MT was first thought to play the role of zinc chaperone to provide zinc
for the hundreds of proteins and enzymes that utilize it for structural and/or enzymatic
function, however the number of these proteins that require zinc would be too large to be
supplied only by MT as a chaperone. MT however, is a trafficking protein and is found to
translocate to the inner membrane of the mitochondria and the nucleus, which do not
have any zinc transporter proteins that are identified (Tsujikawa et al., 1991; Ye et al.,
2001). It is not yet clear how or if MT interacts with zinc transporters to transfer zinc in
intracellular compartments. If this interaction existed it could explain how the cell,

especially a neuronal cell could stock intracellular compartments such as synaptic
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vesicles with large amounts of “chelatable” or “labile” zinc, while maintaining a very low
intracellular free zinc concentration so as not to interfere with other metal homeostasis or

disrupt the function of hundreds of zinc proteins.

Zinc Homeostasis

Zinc is a transition element that is found in all cells and is necessary for life
(Dyck, 2009; King and Cousins, 2006; Prasad et al., 1963). In adults, lack of zinc can
cause several disorders such as memory loss, susceptibility to stress and lethargy
(Sandstead, 1984). Zinc provides an important structural and stabilizing role to several
hundreds of proteins and is an essential co-factor for many more enzymes (Vallee and
Falchuk, 1993). Zinc is also involved in stabilizing DNA, RNA and ribosome structures
(Dyck, 2009; MacDonald, 2000). Proteins that have a zinc-binding motif constitute
almost half of the proteins required for regulating transcription, (Dyck, 2009; Tupler et
al., 2001) whereas genes that encode for proteins that contain zinc-binding sites comprise
almost 10% of all genes in the human genome (Cousins et al., 2006; Dyck, 2009; Lander
etal., 2001; Venter et al., 2001).

By fulfilling these roles in proteins and enzymes, zinc is involved in the
regulation of many processes in the body such as the immune system, DNA synthesis,
behavioral response, reproduction, fetal development and membrane stability, bone
formation and wound healing, cell proliferation and normal growth, brain development
and oxidative stress to name a few (Barceloux, 1999; Colvin et al., 2003; Dyck, 2009;
Halstead et al., 1972; King and Cousins, 2006; Oteiza and Mackenzie, 2005; Prasad,
1991).

Even though it has been established that zinc plays an important role in many
processes, zinc homeostasis and regulation both intracellularly and extracellularly still
remains poorly understood. Findings such as zinc modulation of protein kinase C

signaling pathways (Korichneva et al., 2002) and zinc inhibition of GABAergic
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neurotransmission (Hosie et al., 2003a) seem to indicate that the concentration of zinc,
whether intracellular or extracellular could be important in cell signaling activity. In the
brain, zinc is important for early development, however does not seem to diminish with
aging (Frederickson, 1989). In cultured mammalian cells the zinc quota (Outten and
O'Halloran, 2001), which is defined as the total zinc content required for optimal growth
of the cell, is estimated to be approximately 10® zinc atoms per cell, whereas in yeast and
bacteria this number is lower (107 and 10’ respectively) (MacDiarmid et al., 2000; Outten
and O'Halloran, 2001; Palmiter and Findley, 1995a; Suhy et al., 1999). These
concentrations are not uniform in all mammalian cells as some neurons and prostate cells
tend to accumulate high concentrations of zinc as compared with other types of cells
(Costello and Franklin, 1998; Frederickson et al., 2000). Zinc concentration in the
extracellular space in estimated to be in the nanomolar range (Takeda, 2000). The zinc
concentration in the cytoplasm of a typical neuronal cell is estimated to be 590uM
(Tarohda et al., 2004), with most of the zinc sequestered by metal-binding proteins such
as MT, or zinc-finger proteins, or other molecules such as GSH (Burdette and Lippard,
2003; Maret, 2003; Palmiter, 1998). The intracellular concentration of free zinc is
estimated to be between 10~ to 10"°M (Abebodun and Post, 1995; Canzoniero and Sensi,
1997; Kleineke and Brand, 1997; Palmiter and Findley, 1995a; Romero-Isart and Vasak,
2002; Sensi et al., 1997; Simons, 1991; Thompson et al., 2002; Van Zile et al., 2000),
however it has been suggested that the true concentration of free zinc in the cytosol may
be much lower (Finney and O'Halloran, 2003). The reason for the large range of
concentrations could be the zinc contamination during sample preparation due to
proteolysis of organelles or other processes such as oxidation, or the fact that large
concentrations of fluorescent dyes are used to measure small concentrations of zinc
(Dineley et al., 2002; Eide, 2006). As a result, the true concentration of intracellular free
zinc remains elusive, however it could be argued that free zinc could be as low as nM to

pM range following the metal binding affinities of many zinc metalloproteins, which fall
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in the same range (Bird et al., 2003; Fierke and Thompson, 2001; Green and Berg, 1990;
Michael et al., 1992). This low concentration is remarkable as compared to the total zinc
concentration in the cell (1 nM free zinc is equivalent to less then 0.001% of the total zinc
concentration) (Eide, 2006). The low intracellular free zinc concentration points to the
tight balance and control between zinc transport, efflux and influx and zinc exchange

from transport proteins to newly synthesized metalloproteins or enzymes (Eide, 2006).

Zinc Transporters

Several proteins have been identified that act as zinc transporters, some remove
zinc from the cytoplasm into different intracellular compartments or expel it outside the
cell and others allow zinc to be transported into the cytoplasm when intracellular zinc
levels fall. Prior to the identification of the first zinc transporter named ZnT1 in 1995
(Palmiter and Findley, 1995a), zinc was thought to be co-transported in one of three
different ways: as an anionic complex, as an amino acid chelate (typically via histidine or
cysteine), or the transferring receptor route (Reyes, 1995; Ripa and R., 1995). Two
different protein families have now been identified as transporters for zinc. The ZnT
protein family (also known as solute-linked carrier 30 or SLC30A) lowers zinc
concentrations in the cytoplasm by transporting zinc extracellularly or to other
intracellular compartments, including vesicles. The Zip family of proteins (also known as
Zrt- and Irt-proteins or SLC39A) are involved in zinc uptake from the extracellular space,
or from intracellular stores into the cytoplasm (Eide, 2004; Liuzzi et al., 2001; Palmiter
and Huang, 2004). The ZnT family consists of 10 proteins, ZnT1-10. The transporter
activity of the ZnT1, 2, 4-8 transporters has been confirmed through cell survival placed
in high zinc content, or through other routes such as zinc uptake and/or accumulation in
mutated cells, yeast strains and Xenopus oocytes (Chimienti et al., 2004; Cragg et al.,
2002; Huang and Gitschier, 1997; Huang et al., 2002; Kambe et al., 2002; Kirschke and

Huang, 2003a; Palmiter et al., 1996; Palmiter and Findley, 1995b). ZnT3 activity was
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confirmed through a knockout mouse by the Plamiter lab (Cole et al., 1999; Palmiter et
al., 1996; Wenzel et al., 1997b). The zinc transport mechanism of the ZnT family of
proteins is not well understood, however zinc efflux and intracellular store deposition
occur against a concentration gradient, so it is likely that they use an active transport
mechanism. Homologous proteins have been found to exchange zinc for H™ or K'(Chao
and Fu, 2004; Guffanti et al., 2002). If these homologous proteins are reconstituted in
proteo-liposomes, neither a proton gradient nor ATP is required for zinc transport (Blof3
et al., 2002). Human ZnT proteins contain significant sequence homology and most of
these proteins are predicted to have 6 transmembrane domains (except ZnTS5, which
contains 12 domains). Both the N and C termini of these proteins face the cytoplasm and
most of the proteins also contain a long intracellular loop that include a different number
of histidine residues, which are believed to be zinc ion-binding domains (Murgia et al.,
1999; Seve et al., 2004). Some of the ZnT proteins form homo- or hetero-oligomers and
various motifs in their sequence indicate the possibility of protein-protein interactions
(Murgia et al., 1999; Sim and Chow, 1999), therefore ZnT proteins may be involved in
the insertion of zinc into enzymes through the transport of zinc into the Golgi apparatus
(Suzuki et al., 2005).

The Zip family of proteins on the other hand, consists of 14 members. The zinc
transport activity for the Zip1-8 and 14 members has been demonstrated by measuring
the uptake of *Zn or via zinc-selective fluorescent probes such as Zinquin, Newport
Green and FZ-3-AM (Begum et al., 2002; Dufner-Beattie et al., 2003a; Dufner-Beattie et
al., 2003b; Gaither and Eide, 2000, 2001a, b; Huang et al., 2005; Liuzzi et al., 2005;
Taylor et al., 2005; Wang et al., 2004). Similar to ZnT protein family, the mechanism of
zinc transport for the Zip family of proteins is not well understood, but it could be
facilitated through a concentration gradient and induced by HCO; (Gaither and Eide,
2000, 2001a, b). The Zip family is divided into four sub-groups: Zip I, Zip II, gufA and

LZT (Taylor and Nicholson, 2003). Zip1-3 belong to the Zip II subgroup, Zip9 is part of
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the Zip I subgroup, Zip 11 belongs to gufA and Zip4-8, Zip10 and Zip12-14 belong to the
LZT subgroup. The first Zip family member to be discovered was Zip6 (also known as
LIV-1) and is the protein after which the LZT subgroup is named (Taylor, 2000). Zip6
has only 6 transmembrane domains, whereas most of the other proteins in the Zip family
are predicted to contain 8 domains. The zinc pore could be formed by two of these
transmembrane domains, [V and V, since they seem to be conserved throughout the Zip
family (Gaither and Eide, 2001a; Rogers et al., 2000). Contrary to the ZnT family of
proteins, the Zip family is predicted to have both N and C termini that are extracellular,
but the intracellular loop rich in histidine residues is conserved in both (Taylor and
Nicholson, 2003). Most of the Zip proteins have been located at the plasma membrane,
with the exception of Zip7, which was located at the Golgi apparatus (Huang et al., 2005;
Kirschke and Huang, 2003b), however the location of these proteins might change with

physiological zinc conditions and availability.

ZnT3 Transporter Protein

ZnT3 is a member of the ZnT family of zinc transporters that are responsible for
buffering zinc in the cytoplasm by expelling it outside the cell or by transporting it into
cellular compartments. ZnT3 mRNA levels are highest is the brain and testis although no
ZnT3 protein is expressed in testis (Palmiter et al., 1996). ZnT3 was first identified by
Palmiter’s group more than a decade ago and is the protein that stocks and maintains the
high concentration of loosely bound zinc also known as chelatable zinc found in certain
glutamatergic pathways in the brain (Wenzel et al., 1997b). The amount of ZnT3 that is
found in areas of the brain that contain high concentrations of zinc, corresponds to the
amount of chelatable zinc that can be visualized by using histochemical methods of
fluorescence imaging (Cole et al., 1999; Wenzel et al., 1997b). ZnT3 seems to require the
AP3 chaperone complex to be transported from endosomes to synaptic vesicles since

mutation of the AP3d gene in the mocha mouse leads to zinc depletion in synaptic
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vesicles and other storage compartments such as melanosomes and platelets (Kantheti et
al., 1998). ZnT3 mRNA reaches detectable levels just a few days before birth and full
adult levels 3 weeks after birth, however factors regulating ZnT3 gene expression are
unknown (Cole et al., 1999). Mice that are heterozygous for ZnT3 have half of the
amount of zinc that wild type mice contain in their synaptic vesicles, whereas complete
ZnT3 knock-out mice lack all of their vesicular zinc (Cole et al., 1999). Both
heterozygous and complete knock-out mice appear normal, have no behavioral or spatial
learning disabilities, no memory problems and are able to reproduce normally (Cole et
al., 2001; Cole et al., 1999). ZnT3 knock-out mice seem to be more susceptible to kainic
acid-induced epileptic seizures, but are not affected by other seizure-inducing agents such
as flurothyl, bicuculline, or pentylenetetrazol (Cole et al., 2000). The lack of vesicular
zinc does not inhibit the accumulation of zinc in the post-synaptic cell and the subsequent
neuronal damage (Cole et al., 2000; Lee et al., 2000), however there seems to be no
difference from electrical recordings of knock-out vs. control mice (Lopantsev et al.,
2003). Synaptic zinc also is implicated in the formation of amyloid peptide aggregates in
Alzheimer’s disease (Cherny et al., 2001). The formation of amyloid plaques is
significantly reduced by the disruption of the ZnT3 allele in a transgenic mouse that
expresses a mutant human amyloid precursor protein, implicating vesicular zinc in the

formation of amyloid aggregates (Lee et al., 2002).

Zinc-selective Fluorescent Dyes

Fluorimetric probes for metal sensing were first synthesized by the Tsien lab
(Grynkiewicz et al., 1985) for the detection of Ca”" levels. These probes are designed to
couple a fluorescent molecule to a chelator moiety. The chelator part of the probe binds
the metal and causes the molecule to become fluorescent. These Ca>" indicators (i.e. fura-
2) have a higher affinity for transition metals such as zinc (Gee et al., 2002b) and produce

a shift in fluorescence emission upon zinc binding. The problem with the use of Ca*"
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fluorescence indicators for zinc measurements is their sensitivity to Ca®", which exists in
much higher concentrations as compared to zinc (Canzoniero and Sensi, 1997). A new
generation of zinc fluorescent probes has emerged to correct for Ca*” and Mg
interference. These probes are tailored to be selective for zinc, although other metals

might bind, but in a much smaller quantity.

FluoZin-3 Properties, Binding and Chemistry

FluoZin-3 (FZ-3) is a visible wavelength, zinc-selective, tetra-anionic fluorescent
dye that was synthesized as an improvement on previous fluorescent dyes that either
needed UV excitation or contained aliphatic tertiary amines that are protonated at
physiological pH (Gee et al., 2002a). FZ-3 structure lacks one of the N-acetic acid
moieties that are found in the Ca" probes fluo-3 and fluo-4, lowering its affinity for Ca*"
while maintaining the zinc affinity (Gee et al., 2002a). FZ-3 quantum yield in the absence
of zinc (chelated by TPEN) was reported to be insignificant, but increases several
hundred times in the presence of SuM zing, to a value of 0.43 (figure 3). Titration of the
dye with increasing zinc concentrations gave a K, of 15 nM. FZ-3 fluorescence is stable
in the pH range of 6-9, but decreases sharply if pH is lowered below 6 (figure 3). FZ-3
fluorescence is not affected by other divalent cations (table in figure 3) (Gee et al.,
2002a). The ability of FZ-3 to respond to zinc in the presence of relevant divalent cations
at physiological conditions such as Ca®" and Mg*" was under some dispute, but data from
our lab indicates that FZ-3 fluorescence is not perturbed by physiological concentrations
of Ca®" and Mg>" (2 mM) (Zhao et al., 2008). In fact, even in the presence of Ca*"
concentrations as high as 10 mM, FZ-3 was able to detect increases in zinc
concentrations as low as 100 pM (Zhao et al., 2008). FZ-3 is a membrane impermeable
fluorescent dye and has been used in many biological applications such as detecting zinc

release from pancreatic 3 cells (Gee et al., 2002a) as well as measuring the affinity of
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metallothionein binding sites for zinc and visualizing externalized zinc in hippocampal

slices (Kay, 2003) to name a few.

ZnAF-2 Properties, Binding and Chemistry

ZnAF-2 (Zn-Aminofluorescein) was synthesized as an improvement on previous
zinc-selective fluorescent dyes, ACF-1 and ACF-2. These dyes were excitable with
visible light, which is suitable for biological studies, however they had small quantum
yields and slow zinc-complex formation rates (up to 100 min) (Hirano et al., 2000). In
ZnAF-2 fluorescein replaced 6-hydroxy-9-phenylfluorone as a fluorophore due to its high
quantum yield and N,N,N’, N -tetrakis(2-pyridylmethyl)ethylenediamine or TPEN as the
zinc binding moiety (Hirano et al., 2000). ZnAF2 in the absence of zinc exhibits almost
no fluorescence at pH 7.5. Fluorescence intensity increases approximately 51 fold upon
zinc addition to the apo form of the dye (Hirano et al., 2000). ZnAF-2 fluorescence
intensity does not seem to change much above pH 7.5, however increases sharply from
pH 5.5 to pH 7.4 (see figure 4). The excitation (492 nm) and emission (514 nm) do not
shift with the addition of zinc (see table 1 in figure 4) (Hirano et al., 2000). The
dissociation constant was determined through zinc and buffered solutions and was found
to be 2.7 nM. The detection limit was also found to be in the sub nM range, allowing for
the selectivity needed in biological applications (Hirano et al., 2000). When ZnAF-2
fluorescence in the presence of divalent cations is compared to that of zinc, it was found
that ZnAF-2 is highly selective for zinc (see table 2 in figure 4). Cadmium was the only
divalent cation that increased ZnAF-2 fluorescence to 1/3 of the fluorescence in the
presence of zinc and could potentially interfere with zinc measurements (Hirano et al.,
2000). This interference should not pose a problem, since cadmium is not a native cation
that is found in mammalian cells. ZnAF-2 fluorescence was not affected in the presence
of Fe*" and Fe’™ and was quenched in the presence of Cu®" (Hirano et al., 2000). Other

cations that are found in high concentrations in cells, such as Na" and K did not affect
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the dye fluorescence either in the absence or in the presence of zinc (Hirano et al., 2000).
It was originally reported that ZnAF-2 was not membrane permeable and an
acetoxymethyl form of the dye (ZnAF-2 DA) was synthesized for use in biological
systems (Hirano et al., 2000). Previous work in our lab, however determined that ZnAF-2
is indeed able to cross membranes and stain the zinc rich synaptic vesicles in
hippocampal slices (Kay and Toth, 2006). This discrepancy points the importance of
determining the membrane permeability of the zinc-selective dye, as the location of the

dye can affect the interpretation of the results (Kay and Toth, 2006).

Zinpyr 1, Properties, Binding and Chemistry

ZinPyr 1 (ZP1 — for structure see figure 5) is another zinc-selective fluorescent
probe that was synthesized to improve upon the desired properties of a fluorescent dye
that is used as a metal sensor such as ion selectivity, excitation and emission that lie
outside the UV and autofluorescence of tissue and have high quantum yields (Burdette et
al., 2001). ZP1 is a fluorescein-derivative dye thus exhibits a quantum yield of 0.87 in the
presence of 25uM zinc (and 0.38 in the absence of zinc). Zinc binding causes the ZP1
excitation wavelength to shift from 515 nm (e =79.5 x 10° M cm™) to 507 nm (¢ = 84.0
x 10° M em™) (Burdette et al., 2001). Ca®" and Mg do not influence ZP1 fluorescence
even at concentrations as high as 5 mM and transition metals such as Cu’, Cu2+, Ni2+,
Co*", Mn”" and Fe*" quench ZP1 fluorescence (see figure 5) (Burdette et al., 2001). ZP1
fluorescence drops to 80% from pH 5.5 to pH 7.4, but is fairly constant between 5.5 and
6.5 (see figure 5). At pH 7, the K, of the Zn-ZP1 complex is 0.7 nM. In biological
experiments to characterize the loading of ZP1 in Cos-7 cells, ZP1 was found to localize
in acidic compartments, which seems to be a challenge of ZinPyr dyes (Burdette et al.,
2001). The dye is suited to monitoring the changes in zinc fluorescence even though
initial high background fluorescence that is observed from the apo form of the dye would

present a difficulty in quantifying free zinc concentrations (Burdette et al., 2001).
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Zinc Chelators

The use of chelators in biological experiments is of utmost importance. Chelators
have played an important role in advancing our understanding of the role of metals in the
cell. Typically, chelators contain N, O or S atoms in their structure that provide a
coordination site for the binding of metals. A good transition metal chelator needs to be
insensitive to Ca>" and Mg”", since these ions exist in much larger concentrations in
physiological conditions than other metals such as zinc for example. Another important
feature of a chelator used in biological applications is its ability to cross membranes. The
membrane permeability of a chelator needs to be well established before an experiment is

performed, since it would affect the interpretation of the data.

Membrane Impermeable Chelators

Ethylenediaminetetraacetic acid (EDTA) is the most widely used metal chelating
agent in biological applications. At pH 7.4, all the carboxylic groups in EDTA are
deprotonated, therefore it is a membrane impermeable chelator (Kay and Toth, 2008;
Skoog et al., 2000). EDTA when used as CaEDTA, can fulfill the role of a membrane
impermeable chelator since it has a high affinity for zinc (K;=3.1x10™"" (Skoog et al.,
2000)) and does not affect physiological levels of Ca*" and Mg”" (Kay 2006). EDTA has
a much higher affinity for zinc than it does for Ca’" and Mg2+ (K4 ca+=2x10" and K,
Mg2+=2x10'9 (Skoog et al., 2000)) (Kay and Toth, 2008). In the presence of physiological
concentrations of Ca*" (2-3 mM), EDTA is saturated with Ca*" and zinc has to displace it
first before it binds to EDTA, causing the rate of zinc chelation to be slow (Kay, 2003;
Paoletti et al., 2009b), even though EDTA has been shown to successfully bind
extracellular zinc (Molnar and Nadler, 2001b; Ruiz et al., 2004; Vogt et al., 2000).

EDPA (ethylenediamine - N ,N - diacetic - N,N - di-f -propionic acid) is another
membrane impermeable chelator that has a lower affinity for Ca®" and Mg”" than does

EDTA, therefore it can bind zinc faster (Kay, 2003). EDPA has not been as widely used
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as EDTA, but it is better suited to intercept zinc in the extracellular space if it is released
since it binds zinc faster.

Histidine (his), besides being one of the 20 essential amino acids, can also serve
as a membrane impermeable chelator. His forms both mono and bis-histidine complexes
with zinc (Martell and Hancock, 1996; Sivarama Sastry et al., 1960) and has been
proposed to augment zinc transport. His has been found to facilitate zinc transport in
erythrocytes (Aiken et al., 1992) and in the intestines of rats (Wapnir et al., 1983), trout
(Glover and Hogstrand, 2002) and lobsters (Conrad and Ahearn, 2007), however data in
our lab has suggested that his only increases zinc solubility in the extracellular space
instead of being co-transported with zinc (see chapter 4). Extracellular application of his
has also been found to increase nickel tolerance and supply in the non-metal

accumulating plant of the genus Alyssum (Kramer et al., 1996).

Membrane Permeable Chelators

DEDTC (diethyldithiocarbamate) is a membrane permeable chelator that diffuses
through membranes and can chelate zinc from any intracellular compartment and even
from proteins (Danscher et al., 1975; Kay and Toth, 2008). DEDTC has been
successfully shown to chelate vesicular zinc in numerous studies (Daumas et al., 2004;
Frederickson et al., 1990; Lassalle et al., 2000; Lu et al., 2000; Takeda, 2000).

TPEN (N,N,N’,N -tetrakis(2-pyridylmethyl)ethylenediamine) is another
membrane permeable chelator that is used widely in biological experiments. TPEN is
bulkier than DEDTC, but has a higher affinity for zinc (K/~4x10"° (Canzoniero et al.,
2003)), thus it binds it more strongly. Due to the strong affinity for zinc, TPEN is able to
strip zinc from some of its protein binding sites, interfering with normal zinc

homeostasis.
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Zinc lonophores

Typically, zinc (or any other endogenous metal ions) is transported via specific
ion transporters that use pH gradients, ATP, or any other mechanism to allow zinc
trafficking in and out of the cell. An ionophore is a molecule that chelates zinc and acts as
a shuttle by allowing it to pass through the cell membrane, circumventing zinc
transporters.

Pyrithione (pyr) is an ionophore that chelates zinc (K;~1x10 (Canzoniero et al.,
2003)) and shuttles it across both cell and synaptic membranes (Kay 2008). If zinc and
pyr are co-applied extracellularly, pyr will allow zinc to cross membranes and move into
the cytoplasm as well as into synaptic vesicles. If pyr is applied alone, it will allow zinc
to diffuse out of intracellular storage and into the cytoplasm and possible extracellularly
as well (Forbes et al., 1989).

Clioquinol (iodochlorhydroxy- quin, 5-chloro-7-iodo-8-hydroxyquinoline — CQ)
is a Cu(Il) and Zn(II) chelator that has been used with some success in Alzheimer’s
disease treatment. CQ has been shown to inhibit accumulation of f-amyloid plaques in
transgenic mice (Cherny et al., 2001) via zinc chelation. CQ can be used as an
intracellular zinc ionophore, because it can chelate loosely bound zinc, but not zinc that is
bound in proteins or enzymes since it has a lower affinity (K;=1x107 (Cherny et al.,
2001; Nitzan et al., 2003)) for zinc than other membrane permeable chelators such as
TPEN.

The work in this thesis covers several topics such as the interaction of zinc with
phosphate under physiological conditions, zinc buffering and trafficking in the
hippocampus and determining whether zinc is released or externalized during synaptic
transmission. The experimental methods for all experiments (except for chapter 7) are
included in chapter 3. Chapter 4 discusses the interaction between zinc and phosphate in
the extracellular medium. We found that the extracellular concentration of zinc and

therefore zinc influx into the cell is limited by the presence of phosphate, which induces
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zinc precipitation by forming insoluble zinc-phosphate salts. Zinc solubility and influx is
increased by the application of histidine to the extracellular medium. Histidine is not co-
transported with zinc, but facilitates its cellular influx by increasing zinc solubility and as
a consequence the extracellular free zinc concentration. Chapter 5 discusses zinc
buffering in hippocampal slices. We found that exogenously applied zinc in the presence
of a zinc ionophore seems to translocate in vesicles and cytoplasmic compartments. Zinc
seems to be very tightly buffered as it enters the cytoplasm, since transient increases in
fluorescence (as observed during Ca”" influx into the cytoplasm) are not observed.
Chapter 6 discusses the externalization of zinc during stimulation. We found that contrary
to the zinc release hypothesis, zinc is not released in the extracellular space, as the
fluorescence signal does not decrease with continued washing, as would be the case if the
zinc-dye complex were released. We hypothesize that zinc is being externalized instead
as part of a ternary complex with a molecule/protein in the synaptic membrane. Chapter 7
describes the influence of nerve growth factor application time on PC12 cell exocytic
release. Nerve growth factor (NGF) treatment causes PC12 cells to undergo
differentiation and grow neurites. PC12 cells can be stimulated with elevated KC1
isotonic solution and release catecholamines. We found that untreated cells undergo
massive release upon KCl stimulation, while in treated cells the release lessens. Also, the
longer the NGF treatment time, the more localized the release becomes. This work was

done under Dr. Donald M. Cannon Jr.



Figure 1. A simplified diagram of the hippocampus
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Note: DG stands for dentate gyrus, MF for mossy fibers, PP for perforant path, SC for
Schaeffer collateral pathway, CA1 and CA3 for cornu ammonis 1 and 3.
http://krasnow.gmu.edu/L-Neuron/ascoli/stn98/
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Figure 2. Description of the synaptic vesicle pools and vesicle fusion

Note: The three pools of synaptic vesicles are illustrated in figure 2a. Figure 2b (He and
Wu, 2007) shows a full collapse of a vesicle at the synaptic terminal membrane (top) and
a “kiss and run” fusion (bottom).



Figure 3. FluoZin-3 characteristics
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Note: FluoZin-3 structure, response to pH, sensitivity to other cations and fluorescence
response to zinc (Gee et al., 2002a).
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Figure 4. ZnAF-2 characteristics

Note: ZnAF-2 structure, response to pH, fluorescence response to zinc, chemical
properties in the presence and absence of zinc and sensitivity to other cations (Hirano et
al., 2000).



Figure 5. ZinPyr 1 characteristics
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Note: ZP1 structure, response to pH, sensitivity to other cations and fluorescence
response to zinc (Burdette et al., 2001).
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CHAPTER III.
EXPERIMENTAL METHODS

Mouse Colony Establishment and Brain Slice Protocol

All animal procedures were in accordance with NIH and University of lowa
guidelines. The ZnT3 Knock Out (KO) and Wild Type (WT) mice were generously
donated from Katalin T6th’s lab in Toronto, Canada. The mice are allowed to breed and
pups between 14-21 days old are used for experiments. Mice have a 21-day gestation
period and another 21-day birth to wean period. A new litter is ready for experiments
about every 30 days.

Sprague-Dawley rats (21-60 day old, male) or Wild Type or KO B16 mice (14-21
days old male) are decapitated and the brain removed and placed in ice-cold isotonic
solution (see saline composition section). The hippocampus is then dissected and
prepared for sectioning. We have used two different methods of hippocampus slicing, the
Mcllwain chopper and the Vibrotome VF-200. The hippocampus is sliced to 400 or 500
um thickness and then placed in room temperature saline solution. The solution is
continuously bubbled with 95% O, and 5% CO, (carbogen) to maintain slice viability.
The O, levels have to be elevated due to fast deterioration of the slice under lower O,
levels.

We have performed some experiments on the necessity of using ice-cold solution
for cutting and varying the time the slices are allowed to recover. After the recovery time
is completed the slices are stained with a zinc-selective dye for another hour, while the
slices are kept bubbled with carbogen. All dyes are prepared from stock solutions in
normal saline and then aliquotted and individually frozen to minimize freeze-thaw cycles.
Some dyes (FZ-3-AM, Calcein AM) are prepared with 0.5% DMSO and 0.04% w/v
pluronic. Some of the dyes require washing, so the dye solution is removed and replaced

with fresh saline solution. This process is repeated twice with fifteen-minute intervals.
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Saline Solution Composition

All solutions are prepared fresh every day. Solutions contain a mixture of ions and
glucose for nutrition. The solution composition that we use has been modified from
Sakmann’s solution (Hamill et al., 1981) and contains in mM: 125 NacCl, 2.5 KClI, 2
CaCl,, 1.3 MgSQ0y4, 25 NaHCOs3, 1.25 NaH,POy4, and 10 or 25 glucose. For the Vibratome
VF-200 slice preparation, a slightly different saline composition for cutting the slices is
used. The Vibratome VF-200 cutting solution contains in mM: 2.5 KCl, 2 CaCl,, 1.3
MgSOy, 25 NaHCOs, 1.25 NaH,POy, 10 glucose and 250 glycerol. The replacement of
NaCl with glycerol has been shown to protect neurons from death, by eliminating the
high chloride ion concentration in the extracellular medium. A high chloride
concentration can facilitate neurotoxicity via passive diffusion of chloride ions into the
cell causing cell swelling and lysis (Ye et al., 2006). The composition of phosphate free
saline is (in mM): 125 NacCl, 2.5 KCl, 2 CaCl,, 1.3 MgS0O,, 26 NaHCO; and 10 or 25
glucose. To avoid zinc contamination, high purity reagents are used, while avoiding

metals, glass, and plastics that can leach zinc into solutions (Kay, 2004).

Imaging Brain Slices

The slices are stabilized and held stationary with a U-shaped stainless steel piece
cross strung with nylon fibers in a temperature-controlled chamber. Solutions are
provided by a gravity feed system controlled by either a VC-6 six-channel valve
controller or a peristaltic pump. The flow from the gravity feed system is controlled by
the height where the system is placed, while the flow from the peristaltic pump is set
automatically (typically 2mL/min). Images are acquired on an Olympus Optical BX50WI
upright microscope. Illumination is provided by a monochromator set at 480 nm, passed
through a dichroic and then through a filter onto the faceplate of a Princeton Instruments
cooled CCD camera. Data are acquired by the MetaFluor program and images are

analyzed using MetaFluor, ImageJ (NIH) and Microsoft Excel. Data is graphed with the
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graphing program Origin. Images are adjusted for the CCD dark current. No black-level
adjustment is applied. The fluorescence intensity for chapter four images is expressed as
% AF/F, =% (F-F,)/F,, where F is the fluorescence intensity and F, the fluorescence
intensity at time zero. The fluorescence intensity for images in chapter five and six is
expressed as % (F — Fq. )/(Fo — F4..), where F is the fluorescence intensity at time t, Fy,
the fluorescence intensity at time zero and Fq . is the fluorescence intensity from the dark
current. Whenever the fluorescence intensity of the hilus is compared to that of the cell
bodies, all the data are normalized to the initial fluorescence value of the hilus. All data

are expressed as mean £ SEM.

Dye Injection Protocol

In some of the experiments the fluorescent dye is injected into the slice rather than
the slice being bathed in dye solution. The injection is carried out via borosilicate glass
pipettes (od/id 1.5/0.8) that are pulled through a Sutter P97 puller, program 2 (heat 615,
pull 0, velocity 45 and time 200). This program gives a tip of about 3-5 um as measured
through a calibrated microforge. The pipette is filled with a working dye solution and
positioned through a micromanipulator. Solution is delivered through a picospritzer
externally programmed (through Master-8) to deliver pulses of 500msec duration every
Is interval at a pressure of 8psi. The dye is injected into the hippocampal slice for an hour

and then an image sequence is collected.

Electrophysiology Recordings of Synaptic Responses

Bipolar tungsten stimulating electrodes (~4 MW), coupled to a stimulus isolation
unit are placed in the upper half of the stratum radiatum (CA1) and the field potentials are
recorded with glass electrodes (2-5 MW) coupled to an Axoclamp-2B, connected to a
low-noise amplifier to a Digidata 1322A A/D using Clampex 9.2 software. The current is
adjusted to give a response approximately 60% of the maximal amplitude. Slices that do

not produce a maximum fEPSP amplitude of >1 mV are discarded. The fEPSP slopes are
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analyzed with the Clampfit software and Microsoft Excel. The data are then graphed
through Origin. fEPSPs are stimulated with a pulse of 60 us duration or a train of 500
pulses of 100Hz.

Light Scattering

The 90° light scattering (excitation 480 nm, emission 484 nm) or fluorescence
emission (excitation 484 nm, emission 520 nm) is determined in a Hitachi F-4500
spectrofluorimeter in a rapidly stirred methacrylate cuvette whose temperature is
controlled by a circulating water bath (32 °C). The solution is continuously bubbled with

95% 0,-5% CO,.

ICP-OES

To measure the amount of zinc precipitated for chapter four experiments, solutions
are prepared with different concentrations of zinc, centrifuged at 15,500 g for 30 minutes
at 32 °C and the zinc concentration of the supernatant is then determined on Varian 720
ICP Optical Emission Spectrometer. Yttrium is used as an internal standard. Standard
curves are constructed using zinc solutions of 10, 30 and 50 uM. The following lines are
used to establish calibration curves and calculate the zinc concentration: 202.548,
206.200, 213.857 nm; internal standard: Y line 371.021 nm.

Particle size distributions are measured on a Malvern instruments Zetasizer, Nano

series. The following parameters are applied to our experiments: reflective index for

Zn3(PO4),.H,04 1s 1.594 and absorption is 0.1.

Elemental Analysis of Precipitates

The EDS analysis is performed on a Hitachi S-3400N variable pressure SEM
equipped with a Bruker AXS Quantax x-ray microanalysis system. Quantitation is
determined with standard-less analysis using the peak to background ZAF method. These

experiments were performed in the Center for Microscopy.



Calculation of Precipitate Formation

Precipitate formation is calculated using the program MINTEQA?2 (Allison,
2003). The NIST database of formation constants is used and all calculations are

performed under 5% CO, at 32 °C.

36
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CHAPTER IV.
INTERPLAY BETWEEN PHOSPHATE AND ZINC

Introduction

An essential step in the process of unraveling the mechanisms of action potential
generation, synaptic transmission and muscular contraction was identifying the nature of
the ionic species necessary for the operation of excitable cells (Burton, 1975). This began
with Ringer’s demonstration (Ringer, 1883) that extracellular calcium was necessary for
cardiac contraction and set in motion the process of formulating media used to sustain
cells in vitro. An important step was Krebs and Henseleit’s (1932) realization that the
constituents of normal plasma would be a good starting point for formulating
physiological salines. Building on these foundations Mcllwain developed the in-vivo
brain slice preparation, one that has been enormously influential in the progress of
neuroscience (Li and Mcllwain, 1957).

Inorganic phosphate (Pi, orthophosphate) is an essential ion in living organisms
playing indispensable roles in ATP synthesis and bone mineralization, among other
processes. Pi exists in two predominant forms at physiological pH; HPO,* and H,PO,~ at
a ~4:1 ratio. Intracellular Pi is sustained at a concentration of about 2 mM in most
mammals and is a key determinant of the free energy available from ATP hydrolysis
(Erecinska and Silver, 1989). Plasma Pi levels vary considerably in different vertebrates
(Furman et al., 1997). In human plasma, the normal Pi level is ~ 1.1 mM but fluctuates
more widely than calcium, and exhibits circadian variations. The concentration of Pi in
the CSF of mammals is ~ 0.4 mM however little is known about the concentration in the
interstitial space.

Little information is available on the mechanism of Pi uptake into cells of the
CNS. A protein initially identified as a Pi transporter (Frederickson and Moncrieff, 1994)

was subsequently shown to carry glutamate into synaptic vesicles (Bellocchio et al.,
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2000; Takamori et al., 2000) and its Pi transporting capabilities are uncertain. Pi transport
has been well characterized in the kidneys where it is transported by members of the
Slc34 (Murer et al., 2004) and SIc20 (Collins et al., 2004) families for monovalent and
divalent species respectively, in sodium-dependent processes.

There are abundant opportunities for solid minerals to form from the complex
mixtures of ions in and around cells, particularly between metals and polyanions like Pi.
In a solution with known concentrations of ions it is possible to predict the formation of
precipitates from the solubility products (K,) for the various ion combinations. As a
thermodynamic parameter, the K,ps however gives no indication of how fast the
precipitate takes to form. One common form hydroxyapatite (Ca;o(PO4)s(OH),) takes a
long time, others like hopeite (Zn3(PO4),:4H,0) form within a few milliseconds.

Zinc is found at a high concentration in certain glutamatergic vesicles within the
mammalian forebrain and it has been proposed to be released and act as a
neuromodulator (Paoletti et al., 2009a; Smart et al., 2004). There is a potential chemical
impediment to the free release of zinc ions, namely, that zinc-phosphate has a very low
solubility product (9.1x107° M), which limits the concentration of free zinc ions in a
solution with a high concentration of Pi. In this communication we show that in brain
slices the extracellular free zinc concentration is indeed limited by precipitation.
Moreover, we demonstrate that this limitation can be overcome by the provision of amino

acids like histidine that increases the solubility of the metal.
Results

Phosphate Induces Zinc Precipitation in Normal Saline
Most normal saline formulations typically include inorganic phosphate, which
limits the availability of free zinc ions through the formation of zinc-phosphate
precipitates. Thus the provision of zinc in the extracellular space at concentrations above

a few micromolars poses something of a problem especially for the zinc release
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hypothesis. Slices can be sustained in phosphate free solutions and appear to exhibit
normal synaptic responses and cellular activity, however, the effects of withholding
phosphate are as yet unknown. To increase the solubility of zinc while preserving Pi we
added histidine to normal saline. Histidine forms both mono and bis-histidine complexes
with zinc (Martell and Hancock, 1996) but does not act as a neurotransmitter so it would
not interfere with normal physiological function of the hippocampus slices (Godfraind et
al., 1973).

To detect the formation of precipitate in physiological solutions we performed
spectrofluorimeter 90° light scattering experiments. In PFS (phosphate free saline) the
addition of zinc up to a concentration of 330uM led to no discernable precipitate
formation, which is consistent with the high solubility of the zinc-bicarbonate complex.
In normal saline, however, additions of zinc above about ~10uM led to the formation of a
precipitate (figure — 6). The addition of EDTA in the cuvette led to a decrease in light
scattering as the chelator appropriates zinc from the precipitate formed (black line —
figure 6). In histidine containing normal saline the solubility of zinc was increased and
formation of precipitate was delayed until higher zinc concentrations were added (red line
— figure 6). Histidine also led to the dissolution of precipitate when added after zinc had
already precipitated out of solution (figure — 7). Once again when EDTA was added the

precipitate was dissolved by zinc chelation (figure — 7).

Modeling Zinc Precipitation Response Curves with
MINTEQA2
The geochemical modeling program MINTEQA2 was used to calculate the
concentration of soluble zinc species in different saline formulations (Allison, 2003). The
program takes into account all possible species that might form in a mixture and uses
empirical thermodynamic parameters to calculate the equilibrium concentration of

species, including any that might precipitate out of solution. The soluble zinc species
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considered are are Zn**, ZnOH"*, Zn(OH),, Zn(OH);, Zn(OH);", ZnCI*, ZnCl,,
ZnCl;, ZnCL;~, ZnOHCI, ZnSO,, Zn(S0,);”, ZnCO,, ZnHCO;. Fifty insoluble species
were considered in the calculation and the only one that precipitated was

Zn,(PO,), : 4H,0. Figure 7 shows estimates of the soluble zinc concentration in normal
saline as a function of the added zinc concentration. In histidine-free saline the soluble
zinc concentration could not exceed ~4 uM (black line). The addition of progressively
higher concentrations of histidine led to an increase in the concentration of soluble zinc
species. For example with 100 uM zinc and 200 uM histidine, there was 24.4 uM of

Zn His, 17.8 uM of Zn.His, and 2.84 uM of all the other soluble zinc species. Since
there is some uncertainty about the extracellular Pi concentration we calculated the
solubility of zinc at different Pi concentrations and this is plotted in figure 8. Zinc
solubility declines drastically in Pi concentrations above 1.5 mM and the free zinc
concentration does not exceed 10 uM even when the total zinc concentration that is
added is as high as 1000 uM.

To test the calculated values from the modeling program we assessed the
solubility of zinc in normal saline using ICP-OES (inductively coupled plasma optical
emission spectroscopy) with different zinc concentrations. The solutions were centrifuged
to remove any precipitate and the supernatant was analyzed by ICP-OES. The results are
shown in figure 8 and there is an excellent correspondence between the solubility
measured by ICP-OES (open symbols) and that estimated by MINTEQAZ2 (closed
symbols).

In human CSF the total amino acid concentration is ~ 700 uM (~ 500 uM
glutamine) and the histidine concentration ~ 12 uM (Davson et al., 1993; Wishart et al.,
2008). Glutamine leads to little if any increase in the solubility of zinc compared to that
in normal saline alone (figure 10). In normal saline with 100 uM zinc and 500 uM
glutamine, the free zinc concentration as determined by ICP-OES was 4.4 & 0.2 (n=5),

(5.9 uM from MINTEQAZ2 — figure 10) and was not influenced by the addition of more
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zinc. Citrate can chelate zinc and is found at a concentration of 200-400 uM in CSF. In
normal saline that contains 400 uM citrate the addition of 100 uM zinc only leads to a
free zinc concentration of 13.9 uM (MINTEQAZ2 calculation — figure 11). In MINTEQA2
calculations, the addition of progressively higher amounts of zinc to a mixture of amino
acids such as glutamine (500 uM), histidine (15 uM) and serine (50 uM) and other
molecules such as citrate (220 uM) led to no appreciable increase in zinc solubility
(figure 12). Light scattering experiments of increasing zinc concentration additions to the
same type of mixture supported the MINTEQA?2 calculations (figure — 13).

The precipitate composition formed after the addition of zinc to normal saline was
determined by EDS (Energy dispersive X-ray spectroscopy, figure — 14). Atomic
percentages were 60.9+4 O, 159+ 0.7 P,4.6 £ 0.3 Ca and 18.7 £ 0.5 Zn (n=4, from two
different samples), with trace amounts of K™ and Mg®". The analysis of the precipitate
was consistent with an amorphous compound composed largely of Zn,(PO,), * 4H,0
(Hopeite) and CaZn,(PO,), * 2(H,0) (Scholzite).

The size distribution of the precipitate in normal saline was assessed by light
scattering and found to be polydisperse. The mean particle size of the precipitate formed
one minute after zinc addition was 688 nm and the minimum particle size ~200 nm. This

is consistent with SEM images of the precipitate (figure — 14).

Pi Reduces Zinc Influx into Brain Slices
To assess the availability of zinc in neuronal tissue we used zinc transport into rat
brain slices loaded with the acetoxymethyl (AM) ester form of the zinc-sensitive
fluorescent indicator FluoZin-3 (Gee et al., 2002a). In such slices the fluorescence was
elevated slightly above the tissue autofluorescence, suggesting that there is some
chelatable zinc within cells. Application of the membrane impermeant chelator Ca-EDTA
did not lead to a substantial reduction in the signal, whereas the membrane permeable

chelators diethyldithiocarbamate (DEDTC) or N,N,N’,N’-Tetrakis-(2-pyridylmethyl) -
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Ethylenediamine (TPEN) induced a decrease in fluorescence, consistent with the
intracellular location of the zinc-indicator complex. FluoZin-3 exhibits little response to
calcium or magnesium, even in the millimolar range, and any elevations of fluorescence
intensity are only likely to arise from the formation of a zinc-FluoZin-3 complex (Zhao et
al., 2009).

Numerous scattered puncta were visible when viewing the parenchyma of
FluoZin-3 loaded neocortical slices with little evidence of nuclear staining. Staining was
most evident on the outer most aspect of the slices extending ~20 um into the slice. From
the fluorescent images it seems that FluoZin-3 enters synaptic vesicles rendering the
endogenous zinc visible, which is consistent with the known ability of AM derivatives to
load intracellular membranes (Thomas et al., 2000). To test this hippocampal slices were
labeled with FluoZin-3 AM, which led to a faint but clear demarcation of areas that are
highlighted by the Timm’s stain, namely the hilus and stratum lucidum, showing that
FluoZin-3 enters zinc-rich synaptic vesicles (figure — 15).

In normal saline the application of 100 uM zinc led to a small elevation of
fluorescence in FluoZin-3 AM loaded neocortical slices, consistent with the precipitation
of zinc by phosphate (black curve in figure — 16). The co-application of histidine (200
uM) with 100 uM zinc boosted the metal influx (red or green curve figure — 16).
Histidine by itself in normal saline did not increase the fluorescence intensity, which
suggests that it does not appropriate enough zinc in the saline or slice to induce any metal
influx. In contrast, the addition of 100 uM zinc in PFS induced a substantial metal influx
that was not augmented by histidine (figure — 17).

There is some evidence from experiments on intestine that zinc and histidine are
co-transported into cells. To test this hypothesis we co-applied either L or D-histidine
with zinc. There was little difference between the augmentation of zinc transport by L or
D histidine (red and green curve in figure — 16). This suggests that the amino acid is

probably not interacting with a stereospecific transporter. Both L and D alanine, which
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form weaker complexes with zinc than histidine also, augmented the zinc transport (blue
curve in figure — 16). Our results suggest that histidine is simply increasing the solubility
of zinc in solution, rather than acting as a specific carrier.

To determine if the outcome of our experiments resulted from an edge artifact,
because the probe only labeled the outer most aspect of the slice, we performed
experiments where FluoZin-3-AM was injected into the depths of hippocampal slices
(figure — 18). The dye was injected so that both the hilus and the cell bodies could be
stained and imaged. Under these conditions similar results were obtained to those shown
in figure 17.

We also investigated the solubility and transport of cadmium because it has
similar properties to zinc and appears to be able to translocate into some cells through
zinc transporters (Clapp et al., 2006). Cadmium also increases the fluorescence of
FluoZin-3, though only to ~30% of the level of zinc (Zhao et al., 2009). Unlike zinc,
cadmium is not precipitated by Pi in normal saline; we found this both empirically and in
theoretical calculations. Application of cadmium to slices first led to a decline and then to
an increase in fluorescence (figure — 19). Histidine, however, did not increase the rate of
cadmium transport, consistent with the solubility of cadmium in normal saline. The
latency of the fluorescence increase induced by cadmium application was longer than that
in zinc applications (~2 vs ~1 min) (figure — 19). This suggests that either the rate of
cadmium transport is considerably slower than zinc or that cadmium displaces zinc from

endogenous chelators like metallothionein inducing an increase in fluorescence.

Effect of Phosphate Free Saline on Synaptic Transmission
To determine the effect of removing Pi from normal saline on synaptic
transmission we measured the field potentials evoked by stimulation of the Schaffer
collaterals in the stratum radiatum of region CA1 of rat hippocampal slices. Over a period

of 6 hours there was no decrease in the slope of the field EPSP (figure — 20). We also
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studied the effect the removal and re-application of Pi would have on field EPSP of CAl
neurons of younger (14 — 21 days old) and older animals (over 30 days old). The
complete removal of Pi for the duration of the experiment or the removal and
reapplication of Pi after about 1 h in older animals is not different than control (figure —
21). This suggests that the removal of Pi from the extracellular medium does not affect
the normal physiological activity of the hippocampal neurons. The outcome of the
experiment was the same for younger animals as well (figure — 22). When the effect of
complete Pi removal in young and old animals is compared (figure 23), the slope of the
field EPSP in younger animals seems to decrease with time while in older animals it
seems to be constant, suggesting that the prolonged lack of Pi in the extracellular medium

of hippocampal slices from young animals causes a slight decline in synaptic activity.

Discussion

We have shown here that in brain slices the presence of phosphate in
physiological saline limits the concentration that soluble zinc can reach after metal
application by the formation of zinc phosphate precipitates. In addition evidence
presented shows that amino acids like histidine can increase zinc solubility in the
presence of Pi, but they do not play a direct role in the transport of zinc. These results
have clear implications for experiments involving the exogenous addition of zinc to brain
slices. For example, it accounts for Molnar and Nadler’s (Molnar and Nadler) observation
that the presence of phosphate inhibited the action of exogenous zinc on GABA
receptors. Our results also have perhaps less obvious implications for zinc release and
uptake in vivo that we will discuss below. Moreover, our experiments have cast a
spotlight on a rather under appreciated yet ubiquitious anion, Pi.

It is widely believed that synaptic zinc acts as a neuromodulator, being released
during exocytosis and then diffuses into the synaptic cleft. In contrast our group has

provided evidence which conflicts with this idea and instead we have suggested that
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rather than being released, zinc is presented to the extracellular space while bound to
exocytosed vesicular proteins. We have termed this scenario ‘externalization’ in contrast
to simple release. The presence of extracellular zinc poses a problem for the zinc release
hypothesis, as precipitates could form if large amounts of zinc are released. Whether they
do form will depend on the concentration of zinc chelators, small ligands,
macromolecules, Pi, zinc and pH. We cannot, however, exclude the existence of zinc
chelators more powerful than those so far identified.

The concentration of glutamate within vesicles is estimated to be ~ 300 mM, but
after exocytosis it declines very rapidly as the molecule diffuses away within the synaptic
cleft. Glutamate has a low affinity for zinc nevertheless at high concentrations it can
solubilize zinc. For example, at a zinc concentration of 100 uM in normal saline if the
glutamate concentration is above ~30 mM no precipitate forms, however below this
concentration progressive amounts of precipitate form with half the zinc being
precipitated with ~14 mM glutamate (MINTEQAZ2 calculations).

Histidine has been proposed to augment the transport of zinc by forming a 2:1
complex (Sivarama Sastry et al., 1960) that is either transported as a unit or hands zinc
off to a transporter. Histidine has been found to facilitate zinc transport in erythrocytes
(Aiken et al., 1992) and in the intestines of rats (Wapnir et al., 1983), trout (Glover and
Hogstrand, 2002) and lobsters (Conrad and Ahearn, 2007). However, our results suggest
that in brain slices histidine simply increases the solubility of zinc and does not serve to
facilitate the transport of zinc.

Our finding that histidine does not augment zinc transport in PFS suggests that
under these conditions there is little phosphate in the extracellular space of brain slices.
Similarly, because histidine increases zinc transport in normal saline, this indicates that
the amino acid concentration is rather low in slices. In human CSF the total amino acid

concentration is ~700 uM (~500 uM glutamine) and the histidine concentration ~12 uM



46

(Davson et al., 1993; Wishart et al., 2008). This concentration of histidine is too low to
increase the solubility of zinc in the presence of Pi.

However the fact that in normal saline histidine augments zinc transport does not
imply that there are no amino acids in the extracellular space. It could be that the zinc-
phosphate particles do not penetrate through the extracellular space, and too little amino
acid is likely to leach out to solubilize it. It is likely that the amino acid levels in the
extracellular space of brain slices are diminished as they diffuse into the bathing solution.
However, there is evidence that extracellular glutamate and perhaps glycine levels remain
elevated in slices (Sah et al., 1989).

It does not seem to have been widely appreciated that Pi is an essential component
of the extracellular medium that goes beyond its role in pH regulation. If Pi is removed
from saline bathing neocortical cells the intracellular ATP and Pi levels remain stable for
30 min but both decline to ~60% of control levels after an hour (Glinn et al., 1997).
Furthermore, synaptosomes derived from chronically phosphate deprived rats show an
increase in cytosolic calcium and a decrease in ATP (Massry et al., 1991).

Controlled precipitation plays an important role in skeleton formation and other
biomineralization processes (Dorozhkin and Epple, 2002). On the other hand the
uncontrolled formation of insoluble aggregates plays a prominent role in the pathogenesis
of atherosclerosis (Giachelli et al., 2001) and may do so in a number of neuropathologies,
including Alzheimer’s disease, Huntington’s disease and ALS. We would like to suggest
that the formation of inorganic precipitates could serve as a nucleus for the accretion of
molecules and ions. However, if one is to implicate precipitation in a neuropathology it is
important to exclude aggregates that arise during the analysis. In this regard it is
instructive to consider the case of entities termed ‘nanobacteria’ that on closer
examination turned out to be calcium carbonate particles (Martel and Young, 2008).

Aggregates of material with a predominantly inorganic basis have been described

in a number of neuropathologies that have for the most part been ascribed to the
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precipitation of calcium. The development of calcifications within the brain has been
noted in the case of ischemia and exitotoxicity (Mahy et al., 1999); no zinc was found in
this case (N. Mahy personal communication). Calcifications have also been described in
the case of Fahr’s syndrome in the basal ganglia (Bouras et al., 1996), spasmodic
dysphonia (Simonyan et al., 2008) and in Urbach-Wiethe disease in the amygdala
(Thornton et al., 2008); some zinc is found in the case of Fahr’s syndrome. It is also
worth noting that excess intracellular Pi may lead to the precipitation of calcium as it
does in the case of skeletal muscle sarcoplasmic reticulum limiting calcium mobilization
(Dutka et al., 2005).

Though Pi is usually incorporated in solutions used for sustaining brain slices,
there are cases where its omission is seemingly without effect (Miles, 1990), but this has
not been studied systematically. In cultured neurons, many investigators leave out
phosphate from the minimal solutions used to perform physiological experiments but
preserve it in the media used to culture the cells.

The saline formulations used currently for sustaining brain slices are based on the
concentrations of ions in plasma. The plasma concentration of Pi is around 1.1 mM in
humans and tends to be higher in other animals. In rats the plasma Pi concentration is
3.24+0.1 mM and in CSF 0.47+0.01 mM (Mulroney et al., 2004). The latter is close to the
concentration in humans and it is likely but not certain that the extracellular concentration
is similar. Most mammalian slice normal saline formulations have Pi at a concentration of
around 1 mM; to mimic CSF more closely it may be worthwhile shifting to a
concentration of ~0.5 mM.

It is worth considering whether Pi might play roles other than that of the substrate
for ATP synthesis. For example might it act as an allosteric regulator of ion channels and
transporters? Moreover, the outward directed Pi gradient could be employed in carrier-

mediated mechanisms to transport ions, although none have thus far been identified.
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There is a pressing need for experiments to determine the range of concentrations
of Pi in the extracellular space and to determine the effect of changes in Pi on neuronal
and synaptic activity. NMR measurements in the intact brain can distinguish between
extra and intracellular Pi and may provide a means for assessing the extracellular Pi
concentration (Gilboe, 1998).

To the best of our knowledge there have been no systematic studies of the effect
of phosphate free normal saline on synaptic transmission. We found that phosphate
removal for up to 6 hours had no effect on transmission at the Schaffer collateral CA1
synapse. This suggests that intact neuronal tissue either has considerable reserves of Pi or
that it is endowed with an exceptional capacity to reclaim Pi that passes into the
extracellular space. Until it becomes feasible to measure extracellular Pi, it is not possible
to say whether or not Pi levels are sustained in slices held in PFS.

It is clear that the role of Pi extends beyond that of a pH-buffering agent. There is
little information on the mechanisms to control the intra and extracellular Pi levels, which
could have a profound impact on the precipitation of metals. Moreover, the level of
amino acids, like histidine could play an important role in formation of metal-phosphate

precipitates.
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Figure 6. Zinc-phosphate precipitate in the presence and absence of Histidine

Note: Scattered light experiment. Addition of increasing concentrations of zinc to normal
saline in the presence (red line) and absence (black line) of Histidine. EDTA was added
to the cuvette in both cases to determine that zinc was part of the precipitate formed.
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Figure 7. Dissolution of zinc-phosphate precipitate with Histidine addition

Note: Scattered light experiment. Addition of increasing concentrations of zinc to normal
saline leads to precipitate formation. Addition of 200 uM Histidine leads to some
dissolution of the existing precipitate showing that Histidine can appropriate some of the
zinc from the precipitate. Addition of EDTA completely strips zinc from the precipitate
formed, thus dissolving whatever is left of the complex.
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Figure 8. Correlation of MINTEQAZ2 calculations and OES experiments

Note: Graphs represent the amount of soluble zinc vs. total amount of zinc added to
normal saline without (black curve) and with progressively higher amounts of Histidine.
In the absence of histidine (black curve filled circles) the amount of free zinc in solution
does not exceed a few micromolar even when the total amount of zinc added is 1000 uM.
The MINTEQAZ2 results are represented by filled circles, whereas OES data is given by
the open symbols. There seems to be good correlation between the calculated and the
measured values.



Figure 9. Amount of soluble zinc as a function of phosphate concentration
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Note: The amount of zinc soluble in the normal concentration of Pi used in saline
formulations (1.3 mM) is very little even when the total zinc added is 1 mM.



Figure 10. Effect of glutamine on zinc solubility
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Note: The amount of soluble zinc as a function of total zinc added to normal saline
containing 500 uM Glutamine.



Figure 11. Effect of citrate on zinc solubility
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Note: The amount of soluble zinc as a function of total zinc concentration added to
normal saline that contains increasing amounts of citrate.
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Figure 12. Combined effect of glutamine, histidine and citrate on zinc solubility

Note: Soluble zinc as a function of total zinc added to normal saline containing 500 uM
Glutamine, 220 uM Citrate, 50 uM and 15 uM Histidine.



Figure 13. Combined effect of glutamine, serine and citrate on zinc solubility
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Note: Light scattering experiment where increasing concentrations of zinc are added to
normal saline containing 500 uM Glutamine, 220 uM Citrate and 50 uM Serine.
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Figure 14. Zinc-phosphate precipitate characterization

Note: SEM image of the zinc precipitate formed and EDS analysis of the composition of
the precipitate.
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Figure 15. FZ-3-AM internalization into synaptic vesicles

Note: A fluorescent image of a hippocampal slice stained with FZ-3-AM. Hilus refers to
the area that contains synaptic terminals whereas the stratum granulosum contains the cell
bodies. The fluorescence is very punctuated which suggests that FZ-3-AM stains mainly
the synaptic vesicles.
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Figure 16. The influence of Pi and histidine on the influx of zinc into neocortical slices

Note: In all experiments the fluorescence was measured in slices loaded with FluoZin-3
AM in an area of interest roughly midway through the neocortex. (a) Influences of amino
acids (200 uM) on zinc uptake in normal saline. The period of zinc (100 uM) and amino
acid application is indicated by a horizontal bar. Control (con) no amino acid was added
(n=4), D-Ala (n=4), L-His (n=41) and D-His (n=6).



Figure 17. Zinc uptake in phosphate free saline
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Note: The gray bar represents the application time for Zinc and Histidine. Control (con,
n=5) and L-His (n=5).
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Figure 18. Fluorescent response of injected FZ-3-AM to Zinc/His application

Note: Slices were injected for at least 30 min and then Zn/His was applied for 5 min. The
bar indicates the time and duration of Zn/His application. In all cases n=5 and error is
given as SEM.



Figure 19. FZ-3-AM response to cadmium application
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Note: The bar represents the time and duration of cadmium application. Con (n=5) —
black curve, his (n=5) red curve. Error is given as SEM. There is no change in
fluorescence during His application vs. control slices.
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Figure 20. Effect of Pi removal from saline solution on synaptic activity

Note: The data represents the normalized slope of EPSP (excitatory post-synaptic
potential) collected over 5.5 h of recording. The red line indicates the time of Pi removal
from the saline solution. The inset is a representative of a typical field EPSP observed
during electrical recording. The blue line represents the slope of fEPSP, which is
measured and normalized. The scales of the inset are (horizontal) 5 ms and (vertical) 0.5
mV.
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Figure 21. Effect of removal or re-introduction of Pi on synaptic activity of old rats

Note: The arrows indicate the time of the removal from and addition of Pi to normal
saline. Data is given as normalized fEPSP slopes (see fig 20) and error is given as SEM.
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Figure 22. Effect of removal or re-introduction of Pi on synaptic activity of young rats

Note: The arrows indicate the time of the removal from and addition of Pi to normal
saline. Data is given as normalized fEPSP slopes (see fig 20) and error is given as SEM.
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Figure 23. Effect of Pi removal on synaptic activity of young and old rats

Note: A comparison between the effect of Pi removal from normal saline solution upon
fEPSP slopes in old and young animals. Error is given as SEM.
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CHAPTER V.
ZINC HOMEOSTASIS

Introduction

A very important question to be considered is zinc homeostasis and buffering in
brain cells. Even though it has been established that zinc plays an important role in many
processes, zinc homeostasis and regulation both intracellularly and extracellularly still
remains poorly understood. Findings such as zinc modulation of protein kinase C
signaling pathways (Korichneva et al., 2002) and zinc inhibition of GABAergic
neurotransmission (Hosie et al., 2003b) seem to indicate that the concentration of zinc,
whether intracellular or extracellular could be important in cell signaling activity. Zinc in
the extracellular space is estimated to be in the nM range (Takeda, 2000), while the total
zinc concentration in the cytoplasm of a typical neuronal cell is estimated to be upward of
590uM (Tarohda et al., 2004), with most of the zinc sequestered by metal-binding
proteins such as metallothionein, zinc-finger proteins and zinc-dependent enzymes
(Burdette and Lippard, 2003; Maret, 2003; Palmiter, 1998). Estimated intracellular
concentrations of free zinc varies widely from sub-nanomolar (0.4 nM) to sub-
micromolar (0.18 uM) (Canzoniero and Sensi, 1997; Dittmer et al., 2009; Finney and
O'Halloran, 2003; Thompson et al., 2002; Vinkenborg et al., 2009). The large variability
in free zinc concentration values stem from the different methods used to estimate it. The
low intracellular free zinc concentration points to the tight balance and control between
zinc transport, efflux and influx and zinc exchange from transport proteins to newly
synthesized metalloproteins or enzymes (Eide, 2006). It is well established that Ca*" acts
as a second messenger, therefore the cell tightly regulates the intracellular Ca**
concentration, but allows transient changes to occur that are rapidly damped out. The
large number of binding sites for Ca*" cause transient Ca>" currents both spatially and

temporally (Pozzan et al., 1994). If a Ca>" probe is utilized to assess Ca>" buffering in the
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cytoplasm, a transient increase in fluorescence is observed and the signal decays within
seconds. Little is known however whether the cell responds the same way to zinc
influxes, or whether other mechanisms of buffering are in place. In this work, we
attempted to understand zinc buffering in hippocampal slices by using the fluorescent

probe, FZ-3-AM.

Results

In our previous experiments, it was already found that zinc concentration is
limited by the presence of phosphate in the extracellular medium, so zinc was co-applied
with pyrithione (pyr) to FZ-3-AM loaded slices for 5 min and then normal saline wash
was resumed (figure 24). FZ-3-AM is the non-fluorescent acetoxymethyl ester form of
the dye FZ-3. FZ-3-AM passively diffuses into the cell and once in the cytoplasm,
endogenous esterase enzymes cleave the ester groups and the dye is converted to the acid
form FZ-3, which becomes trapped in the cell due to its negative charge. FZ-3 then binds
zinc and becomes fluorescent. Intracellular concentration of FZ-3 can become 2-5 times
the extracellular concentration (Krezel and Maret, 2006); due to the fact that FZ-3-AM is
constantly being converted to FZ-3 and the shift in equilibrium is maintained. Pyrithione
(pyr) is a compound that acts as an ionophore, forming a 2:1 complex with zinc and
allowing it to cross both cell and synaptic vesicle membranes. If zinc is being buffered
similarly to Ca*", then a transient increase in cell body (cytoplasm) fluorescence should
be observed followed by a rapid decay in fluorescence signal. Synaptic vesicles, on the
other hand, contain a high amount of chelatable zinc, so the fluorescence signal in
vesicles should increase and stay up since this zinc is loosely buffered.

The fluorescent signal increases shortly after the application of zinc/pyr and
remains elevated for minutes (figure 24). The signal behaves the same in both the hilus
and the cell bodies. The inset shows a difference image between the image with the

maximal fluorescence increase and the image just before zinc/pyr was applied.
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Experiments performed with cortex slices yielded the same type of fluorescence increase,
which lasted for up to 90 min with fluorescence falling only 2% from the value of the
initial increase (data not shown). This is an interesting result since it indicates that zinc
seems to be getting into both the cytoplasm and synaptic vesicles at the same time. It is
not very clear from these results if zinc elevations are occurring in the cytoplasm itself or
in cytoplasmic compartments. It is worthwhile noting that in cuvette experiments pyr
addition to FZ-3 does not affect its fluorescence.

In all fluorescent dye experiments, it is very important to identify the location of
the dye, since mistaking the location has significant implications for data interpretation.
We attempted to differentiate whether FZ-3 accumulates in synaptic vesicles or in the
cytoplasm. If CaEDTA (a membrane impermeable chelator) is first applied to
unstimulated slices, fluorescence is not affected indicating that FZ-3-AM is internalized
(see figure 26 — from min 5 to min 10). If 50 mM KCl is applied to loaded slices for 30 s
and then normal saline wash is resumed, followed by the application of 1 mM CaEDTA
(figure 25), the fluorescent signal decreases below control levels. This indicates that the
dye moves into the vesicles and upon KCl stimulation it becomes available for CAEDTA
chelation. It also suggests that part of the fluorescence observed is associated with
vesicles. This conclusion is further reinforced by the punctate fluorescence seen in the
image in figure 25, since the fluorescence would not have appeared as puncta if the dye
was localized in the cytoplasm.

In the course of our experiments, we found that application of pyr by itself led to
an increase in fluorescence (see black curve in figure 26). The signal increases the same
way as if exogenous zinc was co-applied with pyr. This probably indicates that there
must be some extracellular zinc, which is being transported inside. The source of this zinc
is most likely what has been termed “zinc veneer” (Kay, 2003), which is zinc that is
coordinated to molecules in the outer cell membrane and is present whether or not the

cells are stimulated. To determine whether the zinc was coming from the solution, or
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from the zinc veneer, we treated the slices with CaEDTA for 5 min (red curve — figure
26), and then slices were washed for another 5 min before pyr application. The
application of CaEDTA prior to pyr addition greatly reduces the increase in signal that is
observed upon pyr application, indicating that pyr is indeed stripping the zinc off the
veneer and carrying it inside. It also excludes the possibility of pyr liberating zinc from
intracellular sites, as CaEDTA application prior to pyr addition would have not lowered
the fluorescence if the source of the fluorescence increase were zinc from intracellular
stores. In addition, it eliminates the saline solution as the source of extracellular zinc as
the slices are washed with saline after CaAEDTA application and before pyr addition.
Finally, pyr additions to FZ-3 in a cuvette do not increase the fluorescence, indicating
that pyr itself is not contaminated with zinc.

To further explore the interaction between pyr and the zinc veneer, 20 uM pyr and
1 mM CaEDTA were co-applied for 5 min (black curve — figure 27). The fluorescence
signal increases initially similar to the increase observed with pyr alone, however the
signal then starts to decrease and eventually falls to initial value. This can be explained
by the fact that CaEDTA is slow to strip zinc off from the veneer since it is saturated with
Ca®", so pyr can transport some of the zinc from the veneer intracellularly. Once the zinc
veneer is chelated, the signal starts to drop. The signal drops further due to the fact that
pyr acts as an ionophore allowing zinc to cross the cell membrane and move
extracellularly. CAEDTA chelation of zinc maintains a low extracellular zinc
concentration. Zinc is therefore able to flow extracellularly down its concentration
gradient. To determine if the sluggishness of CaEDTA binding zinc from the veneer is
really why the signal goes up and then decreases, 200 uM EDPA was added
simultaneously with pyr for 5 min. EDPA does not bind Ca*" and Mg”" as tightly as
EDTA and thus binds zinc faster (Kay, 2003). The signal increase is largely abolished
indicating that EDPA quickly chelates the zinc veneer preventing pyr from carrying much

zinc in (red curve — figure 27). The signal also drops below control levels as a result of
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zinc flowing down its concentration gradient since EDPA reduces the extracellular
steady-state zinc concentration lower than that of CAEDTA. Both experiments are
consistent with our interpretation that pyr is carrying the zinc from the veneer
intracellularly and that it acts as a reversible ionophore.

To optimize the concentration of pyr, experiments were performed varying both
zinc and pyr concentrations. Values for pyr experiments are around 20uM and since pyr
forms a 2:1 complex with zinc, we used the same ratio for our initial optimization. 1, 3.3,
10, 33 and 100 uM zinc were applied together with twice the amount of pyr (figure 28b-
f). It is interesting to note that in the experiments with 1, 3.3 and 10 uM zinc, the
fluorescence increases only transiently. A likely explanation is that the excess pyr can
shuttle zinc down its concentration gradient (similar to what was observed in figure 27).
The biggest increase after zinc/pyr is washed off is the one observed with 33 uM zinc. An
interesting phenomenon was observed when the zinc concentration reached 100 uM. The
fluorescence signal decreased with zinc/pyr application instead of increasing as in all
other cases. It could be that the concentration of pyr is so high that it allows more zinc to
flow out than it is flowing in. The change in fluorescence was plotted as a function of
zinc concentration in both the hilus and the cell body (figure 28a). The fluorescence
change is pretty steady for the lower concentrations of zinc used and is the largest when
zinc reaches 33 uM, but after that it sharply decreases. Fluorescence change is
statistically the same in both the cell body and the hilus.

To see if an excess of either zinc or pyr would increase the zinc influx into the
cell, 10 uM pyr was used with varying concentrations of zinc (1, 3, 10, 15 and 30 uM —
figure 29) applied for 5 min. The fluorescence change was the largest at equimolar zinc
and pyr (figure 29) and did not change much with subsequent zinc concentration
increases. A typical response of fluorescence signal vs. time after 10 uM pyr and varying
zinc concentrations were applied is given in the inset of figure 29. It was determined that

an excess of zinc (meaning zinc concentrations that are larger than half the pyr
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concentrations) is better than a 2:1 ratio, therefore we decided to use 10 and 15 uM zinc
and pyr concentrations respectively.

We also co-applied zinc with another zinc ionophore Clioquinol, which allows
zinc to move only into the cytoplasm. The fluorescence increase was the same as that
observed with pyr (see figure 30), once again suggesting that the dye might be in cellular
compartments rather than in the cytoplasm.

From the above data, it is difficult to distinguish whether zinc is getting into
synaptic vesicles or cytoplasm, or both. There seems to be no difference in signal
between the cell body and hilus or cytoplasm and synaptic vesicles respectively. To
investigate in which compartments zinc influxes are being detected, we performed
experiments with ZnT3 knock out (KO) mice and either zinc/his or zinc/pyr application.
ZnT3 is a zinc transporter protein that is responsible for loading zinc into the synaptic
vesicles (Cole et al., 1999; Palmiter et al., 1996; Wenzel et al., 1997b).

To confirm that synaptic zinc was eliminated in ZnT3 KO mice, hippocampal
slices were stained with the membrane permeable probe ZnAF-2. There was no ZnAF-2
staining of the hilus and mossy fibers as seen in the wild type (WT) mice, indicating that
KO slices do not contain synaptic zinc.

The average initial fluorescence value of the WT cell body layer is higher than
that of KO mice (see table 1), indicating that some of the fluorescence that arises from
the cell body layer is vesicular and not cytoplasmic. New synaptic vesicles are
synthesized in the endoplasmic reticulum and are stocked with zinc through the action of
ZnT3; therefore some of the fluorescence that is observed from the cell body area could
arise from these newly synthesized vesicles.

Zinc and pyr were then co-applied to FZ-3-AM loaded slices of WT and KO mice
for 5 min and then normal saline wash was resumed (see figure 31). The fluorescence
response in the WT increases similarly to rat hippocampal slices, but at a slower rate.

Fluorescence increase is larger in both the cell bodies (figure 31 — black filled squares)
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and hilus (figure 31 — black open squares) of WT mice than in KO mice (figure 31 — red
filled squares — hilus and red open squares — cell bodies). In KO mice however, there was
no response to zinc application in either the cell bodies, or the hilus. This indicates that
either little dye is localized in the cytoplasm, or that zinc is tightly buffered.

It could be argued that pyr can shuttle zinc out of the cell and may explain the
lack of fluorescence increase. To determine whether this is the case, we co-applied
zinc/his in WT and KO slices and found that slices responded the same as with zinc/pyr
treatment (figure 32 — black filled squares — WT hilus and black open squares — WT cell
bodies and figure 32 — red filled squares — KO hilus and red open squares — KO cell
bodies). This lack of fluorescence increase in KO cell body layer during zinc/his
application further supports the hypothesis that either little dye remains in the cytoplasm,
or zinc is tightly buffered, since his can only facilitate zinc transport through the cell
membrane and not directly into the cytoplasmic compartments.

To differentiate whether zinc is being strongly buffered as soon as it enters the
cell, so that the zinc concentration does not increase much (even transiently) or whether
the dye is localized in the cytoplasm at all, experiments were carried out with an
oxidizing agent 2,2’-dithiodipyridyl (DTDP). DTDP is expected to oxidize any
cytoplasmic proteins containing sulthydryl groups (SH), such as metallothioneins (MTs)
or glutathione (GSH) and zinc finger proteins. Oxidation of the SH group should liberate
bound zinc and the fluorescence signal in the cytoplasm should undergo a sudden
increase. DTDP was first added to pre-loaded FZ-3-AM slices. A large increase in
fluorescence was observed in both the cell body and the hilus. Fluorescence intensity in
either cell body or hilus did not decrease even after 1 h of recording (data not shown).
This prolonged increase in cell body fluorescence is a result of zinc influx into cellular
compartments instead of zinc influx into the cytoplasm itself. One of the reasons for the

inability to observe zinc influx in the cytoplasm is the fact that the dye may be pumped
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out of the cytoplasm (into cellular compartments or outside the cell). Addition of DTDP
to slices while they are loading with FZ-3-AM would eliminate this possibility.

FZ-3-AM was added to unstained slices at 30s and allowed to stain for about 4
min. | mM DTDP was added at min 5 and zinc/pyr added at min 10 (figure 33).
Fluorescence was monitored both in the hilus (filled squares — figure 33) and the cell
body (open squares — figure 33) to see if the fluorescence response would be different.
Fluorescence signal increased similarly to when external zinc and pyr were co-applied
and there is no sharp increase in fluorescence that decays with time, as it would be
expected if external zinc moves into the cytoplasm. The inset in figure 33 is a difference
image between the image just before zinc/pyr was introduced and the image just before
DTDP was introduced (difference between image at min 10 and at min 5).

The zinc influx from pyr application is induced through the plasma membrane and
should lead to a larger increase in the cytoplasm of synaptic vesicles than that in the
cytoplasm of the soma, because of the larger surface to volume ratio for a small
compartment relative to a large compartment. However in the case of DTDP, because it is
releasing zinc from bound sites within the cytoplasm, the increase should be larger in the
cytoplasm of the soma than that of the synaptic boutons. This assumes that the
concentration of zinc-binding proteins is the same in both. This phenomenon can be
revealed if a ratio between the cell body fluorescence over the hilus is taken (see figure
34). If this were true, then the ratio of the cell body/hilus should increase over the DTDP
application time. This ratio however is constant over the DTDP addition. A higher
concentration of DTDP (5 mM) was also used to test if it would bring about a sharp
increase in cell body fluorescence, however the results were the same as with the lower
concentration of DTDP (data not shown). Figure 35 shows a sequence of difference
images taken by subtracting the image before 1 mM DTDP application from the entire
image sequence. It is easier to visualize small fluorescence changes over time if

difference images are taken. Once again, fluorescence is largest in the hilus and not in the
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cell body, with no sharp and sudden increases in signal as would be expected if there
were transient zinc increases in the cytoplasm.

One of the reasons why transient increases in cytoplasmic zinc are not observed
could be the fact that FZ-3 may be quenched or silenced by the interference of another
metal ion. To exclude the possibility that FZ-3 fluorescence is being quenched by Fe*"
ions, an iron chelator 2-2’-dipyridyl was added to slices and fluorescence was observed
(data not shown). If FZ-3 fluorescence were being quenched by iron, one would expect
that the application of an iron chelator would bring about an increase in FZ-3
fluorescence. Fluorescence is not affected at all upon dipyridyl application, neither in the
cell body, nor in the hilus. Fluorescence is also not affected when dipyridyl and zinc/pyr
are co-applied.

Another explanation why we don’t appear to observe zinc increases in the
cytoplasm could be that zinc is very tightly buffered in the cytoplasm, so tightly in fact
that any zinc that enters the cell is immediately bound by proteins or molecules. One
possible candidate for this regulatory protein or molecule could be MT, however, MTs
are typically saturated with metals and it would be difficult to buffer that much zinc so
quickly. Another possibility could be glutathione (GSH), a tri-peptide molecule that plays
an important role in redox buffering in cells. Fluorescence cuvette experiments were
conducted to understand the buffering capacity of GSH for zinc. Different zinc
concentrations (10 nM, 30 nM, 100 nM, 300 nM, 1 uM, 3 uM, 10 uM, 30 uM and 100
uM) were added to 1 uM FZ-3 in a cuvette and fluorescence was observed over time.
These zinc titrations were also carried out in the absence, and in the presence of 1 mM, 3
mM and 10 mM GSH. Fluorescence intensity in the absence and in the presence of 1mM,
3 mM and 10 mM GSH vs. log of zinc concentration is plotted in figure 35. It was found
that in the absence of GSH fluorescence increases were observed with even as low as 30
nM zinc addition and anything larger than 1 uM is likely to induce a large fluorescence

increase (figure 36 — black curve). As expected, the buffering capacity for zinc increases
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with increasing concentration of GSH. These results suggest that GSH may be closely
involved in buffering zinc tightly in the cytoplasm although this would depend on the
concentration of reduced GSH at any given time. The exact zinc buffering capacity of
GSH is hard to determine since the concentration of GSH in the cytoplasm is not known
with certainty. Literature values for GSH range from 1 mM to 10 mM (Smith et al.,
1996), and one could see in the light of our experiment that this broad range in
concentration can make a huge difference on our data interpretation.

Citrate is another possible endogenous chelator for zinc, so we repeated the same
cuvette experiments with 300 uM and 500 uM citrate and the fluorescence intensity vs.
log of zinc concentration was plotted in figure 37. It was found that citrate does not
buffer zinc much, which is possible in view of the fact that citrate is a weaker chelator for

zinc than GSH.

Discussion

Zinc is a very important transition metal that is required for the proper function of
many enzymes and proteins. Little is known however, about how zinc is transported and
buffered not only from the extracellular space, but also within the cytoplasm and into
cellular compartments. Zinc transporters have been identified, but little is known about
the mechanism of zinc cellular transport and trafficking. Once inside the cell, does zinc
bind to MTs, or GSH and remain in the cytoplasm, or is it shuttled immediately into
cellular compartments?

Our data from the KCI stimulation experiment and the average initial values of
the WT and KO mice suggests that exogenous zinc moves into both synaptic vesicles and
vesicular compartments. There is no clear indication of how zinc passes from the
cytoplasm into these compartments, although zinc has to first pass through the cytoplasm
to reach them. It is possible that zinc is immediately bound to metalloproteins such as

metallothionein upon crossing the cell membrane. The increase in zinc-protein complex
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could then serve as a cellular signal for zinc transporters to pump zinc into vesicles or
cellular compartments. This buffering of zinc is different than Ca** regulation where an
increase in free cytosolic Ca®" concentration acts as a cellular signal. The tight buffering
of zinc could explain the lack of transient fluorescence increases in the cytoplasm.
Another possibility could be that the dye is pumped out lowering its intracellular
concentration. This is unlikely however as the pumping of the dye outside the cell takes
many minutes and our experiments with DTDP applied shortly after FZ-3-AM loading (4
min) should exclude this possibility. Another explanation could be that these transient
changes in zinc are so small that our probe is not sensitive enough to detect them.

Other experiments could be conducted such as immunocytochemical ones, where
an antibody against FZ is used to specifically determine where the dye locates once it
enters the cytoplasm, or FLIM experiments as the fluorescence lifetime of the dye
measured in the cytoplasm or in other cellular compartments would be different due to a
pH difference. Another experiment could be the addition of cyanide to slices to be able to

visualize the zinc release in the cytoplasm as the cell is dying.

Conclusion
These experiments were an attempt to shed some light on zinc buffering and
trafficking into the cell. Exogenously applied zinc in the presence of a zinc ionophore,
induces a large and persistent increase in fluorescence signal indicating that zinc is
transported to vesicles or cellular compartments. No transient elevations in fluorescence

were found, which indicate that zinc is very tightly buffered in the cytoplasm.
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Figure 24. FZ-3-AM response of hippocampal slices to application of zinc/pyr

Note: Black curve represents the fluorescence in the hilus, whereas the red curve that in
the cell body. The horizontal line represents the time and duration of zinc/pyr application
followed by normal saline wash. Error given as SEM n=5. Inset is a difference image of a
hippocampal slice treated with zinc/pyr. Image is the difference between the image with
the maximal increase in fluorescence and the image just before the zinc/pyr was added.
The arrows point to the hilus (synaptic terminal area) and the cell body layer. Scale bar is

50 um.



Figure 25. Fluorescence response of an FZ-3-AM slice after 50 mM KCl stimulation,
wash and 1 mM CaEDTA addition

79

Note: Arrow indicates the time of KCI addition, which was applied for 30 s. The slice
was then washed with saline till the application of CAEDTA. The blue bar indicates the
time and duration of CaEDTA application. The raw image represents the punctuated
fluorescence seen in FZ-3-AM loaded slices indicating that the dye is getting into
synaptic vesicles. Scale bar is 20 um.
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Figure 26. Fluorescence response of FZ-3-AM slices to pyr addition in the absence of
CaEDTA or after CaEDTA treatment

Note: Black curve represents the fluorescence of slices after pyr application without prior
CaEDTA treatment. The red curve represents the response to pyr application after slices
were treated with 100 uM CaEDTA for 5 min and then washed with saline for 5 min. The
horizontal lines indicate the time and duration of CaEDTA and pyr application. Error is

given as SEM.
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Figure 27. Fluorescence response of FZ-3-AM slices to simultaneous application of pyr
with either CAEDTA or EDPA

Note: Black curve represents the fluorescence response to pyr and CaEDTA co-
application and red curve represents the response to pyr and EDPA co-application. The
horizontal lines indicate the time and duration of the application, which was followed by
saline wash. Error is given as SEM.
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Figure 28. Fluorescence response to varying zinc and pyr concentrations in a 2:1 ratio

Note: Figure 28a represents the change in maximal fluorescence with zinc concentration
for both hilus and cell body. Figures 28b-f represents fluorescence response of slices to
varying zine/pyr application (1, 3.3, 10, 30 and 100 uM zinc and 2, 6.6, 20, 60 and 200

uM pyr). Error is given as SEM n=5.
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Figure 29. Change in fluorescence vs. zinc concentration at 10 uM pyr concentration

Note: Change in maximal fluorescence vs. zinc concentration for both hilus (black
circles) and cell body (red circles) with 10 uM pyr application and varying zinc
concentrations (1, 3, 10, 15 and 30 uM). The inset represents the typical fluorescence vs.
time response observed with all the zinc concentrations in both hilus and cell body.
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Figure 30. Fluorescence response of FZ-3-AM slices after zinc/CQ application

Note: 7 uM zinc and 10 uM CQ were co-applied to slices loaded with FZ-3-AM. Bar
indicates the time and duration of zinc/CQ application.
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Figure 31. Fluorescence response of WT and KO mice to zinc/pyr application

Note: Black squares represent fluorescence in WT hilus (filled) and cell body (open). Red
squares represent fluorescence in KO hilus (filled) and cell body (open). The bar
represents the zinc/pyr application time, which was followed by saline wash. All data was
normalized to the average of the first value of the WT hilus. Error is given as SEM n=5.



Normalized Fluorescence

86

1.01 — ﬂ : G : \}:\(/)T Cc;u x
oo et

Time (min)

Figure 32. Fluorescence response of WT and KO mice to zinc/his application

Note: Black squares represent fluorescence in WT hilus (filled) and cell body (open). Red
squares represent fluorescence in KO hilus (filled) and cell body (open). The bar
represents the zinc/his application time, which was followed by saline wash. All data was
normalized to the average of the first value of the WT hilus. Error is given as SEM n=5.
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Figure 33. Fluorescence response of slices to the oxidizing agent dithiodipyridyl (DTDP)

Note: 15 uM FZ-3-AM was added to unstained slices at 30 s and allowed to diffuse into
the slice. 1 mM DTDP was added at min 5 followed by zinc/pyr at min 10. Filled squares
represent the hilus and open squares represent the cell bodies. The inset is a difference
between the image at the end of DTDP addition with the image right before DTDP

application. The scale bar is 50 um.
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Figure 34. Fluorescence ratio between the cell body and hilus treated with DTDP

Note: Graph represents the ratio between the fluorescence of the cell body over the hilus
from figure 33. If transient changes in cell body fluorescence after DTDP addition were
to occur it would be easily revealed as a ratio between the cell body and hilus. The ratio
is constant over the DTDP application.
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Figure 35. An image sequence of a slice during DTDP addition

Note: The sequence was obtained by subtracting the image right before DTDP was added
from the rest of the images collected during DTDP application. No sharp elevations in the
cell body layer are observed. Scale bar is 50 um.
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Figure 36. Change in FZ-3 fluorescence with increasing zinc concentration in the
absence and presence of GSH

Note: Black line — no GSH, red line — 1 mM GSH, green line — 3 mM GSH and blue line
— 10 mM GSH. 10 mM GSH has the largest zinc buffering capacity followed by 3 mM.
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Figure 37. Change in fluorescence vs. zinc concentration in the absence and presence of
Citrate

Note: Black line — no citrate, red line —300 uM citrate and green line — 500 uM citrate.
Citrate (in neither concentration) seems to buffer zinc very well.



Table 1. A comparison of the average initial fluorescence values in the hilus and cell
bodies of hippocampal slices of WT and KO mice

WT (n=19) KO (n=20)

Average + SEM

Cell Body 562 =2 558 =2

Hilus 579 £ 3 568 2

92
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CHAPTER VI
TESTING THE ZINC-RELEASE HYPOTHESIS WITH
ZINC-SELECTIVE FLUORESCENT PROBES

Introduction

As mentioned in chapter 2, chelatable zinc is found at high concentrations in
about 50% of glutamatergic pathways in the mammalian forebrain (Frederickson, 1989;
Frederickson et al., 1990; Frederickson and Moncrieff, 1994; Kay, 2006; Kay et al.,
2006; Kay and Toth, 2006, 2008). Other neurotransmitters that are co-packaged with zinc
exist and include glycine and y-aminobutyric acid or GABA (Frederickson et al., 2005).
Zinc containing glycinergic vesicles are mostly localized in the nervous system (spinal
cord), while GABA/zinc neurons are found both in the spinal cord and the cerebellum
(Birinyi et al., 2001; Danscher and Stoltenberg, 2005; Wang et al., 2002; Wang et al.,
2001). Since zinc is mostly co-packaged with glutamate in synaptic vesicles, it has been
postulated that zinc may be involved in glutamatergic neurotransmission, packaging and
even act as a neuromodulator, regulating the post-synaptic response of glutamate
(Frederickson et al., 1990). To act as a modulator, zinc has to be released in the synaptic
cleft along with glutamate and bind to receptors in the post-synaptic cell, or diffuse
through ion channels. This is known as the zinc release hypothesis. While it has been
shown that zinc modulates post-synaptic receptors and voltage- and ligand-gated ion
channels (Harrison and Gibbons, 1994; Smart et al., 1994) if applied exogenously, reports
about the release of zinc from synaptic vesicles are inconclusive. The first reports of zinc
release were published back to back in 1984 (Assaf and Chung, 1984; Howell et al.,
1984) and apparently confirmed in other studies (Budde et al., 1997; Charton et al., 1985;
Lietal., 2001a; Li et al., 2001b).

Most of the work on synaptic zinc has focused on the theory that zinc is

completely released in the synaptic cleft during stimulation. This is known as the phasic
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mode of release where zinc, once released is free to diffuse in the synaptic cleft and
modulate pre- and/or post-synaptic receptors or ion channels (Kay and Toth, 2008).
Concentrations of released zinc in the synaptic cleft are expected to be transient and
would depend on how quickly zinc is cleared off the synaptic cleft. Another alternative to
the phasic release mode that has been proposed is the tonic mode during which, a very
small fraction of the total synaptic zinc is actually released in the extracellular medium
(Kay and Toth, 2008). Under these conditions, zinc is not free to move out into the
extracellular space, but is probably coordinated to certain molecules or proteins in the
synaptic vesicle and remains so after vesicle fusion as well. Zinc would then be
externalized and become part of what has been termed “the zinc veneer” (Kay, 2003). A
molecule in the synaptic cleft may bind to zinc and form a ternary complex, become
internalized and thus act as a possible retrograde messenger for the pre-synaptic cell
(Kay, 2006; Kay et al., 2006; Kay and Toth, 2006, 2008). Previous work in our lab with
zinc-selective fluorescent probes, has suggested that zinc might perhaps not be released
into the extracellular medium. The purpose of this work was to use the zinc-selective dye

ZnAF-2, to determine whether zinc is released during synaptic stimulation.

Results

In light of the two zinc release models and based on the results of our experiments
we hypothesize that zinc is not being freely released in the extracellular space during the
course of synaptic transmission, instead zinc is externalized while still coordinated as a
ternary complex with a molecule not yet identified in the vesicular membrane. We also
hypothesize that during synaptic transmission the vesicular zinc transporter ZnT3, gets
activated and begins stocking synaptic vesicles with zinc. We observed that during
synaptic stimulation, the fluorescence signal of the membrane permeable dye ZnAF-2
increased sharply and then remained elevated for minutes after the stimulus is removed,

failing to drop below control levels even after 28 min of continuous washing with normal
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saline (figure 38a — black curve). These observations do not support the classic zinc
release hypothesis, which suggests that zinc is fully released (phasic release) into the
extracellular medium, instead they suggest that zinc is externalized when synaptic
vesicles fuse, but remains bound to a membrane protein in the form of a ternary complex.
If these observations, upon further examination indicate that zinc indeed is just
externalized and not fully released, then the role of zinc during synaptic transmission
needs to be revisited as well. Therefore, the goal of the experiments presented in this
work was two-fold; first, to understand why fluorescence increased upon stimulation and
second why fluorescence intensity does not fall below control levels. To study zinc
release during stimulation, we utilized zinc-selective fluorescent probes, which become
fluorescent only upon zinc binding. Assuming that the zinc release hypothesis is true, two
different fluorescent signals can be obtained using zinc-selective fluorescent probes
depending on the location of the probe (see figure 39¢ — adapted from (Kay, 2006)).
When using a membrane permeable dye the fluorescence signal should start out high as
the dye is already bound to the chelatable zinc within the synaptic vesicles. After vesicles
fuse to the cell membrane, if zinc is being fully released together with the dye, the signal
should drop quickly below control levels, since the slice is being continually washed with
saline solution and the probe-dye complex diffuses away. A membrane impermeable dye
can enter neither the cell, nor the synaptic vesicles being localized extracellularly. If
extracellular zinc levels are low, the dye should be in the zinc-free form and its
fluorescence should start out low. During stimulation however, zinc becomes available
for probe binding due to vesicle fusion to the cell membrane and as a consequence the
signal should increase quickly and then drop to initial values as the probe-zinc complex
diffuses away.

We used 50 mM KCl for 30 s (figure 38a — black curve) to stimulate slices of rat
hippocampus that were loaded with 10 uM ZnAF-2 (for procedure refer to chapter 3).

The saline flow was stopped for the addition of KCI while the solution was stirred and
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oxygenated by a stream of oxygen. The saline flow was then resumed and slices were
washed continuously for the remainder of the experiment. The fluorescent signal did not
however, behave as expected. ZnAF-2 is a membrane permeable dye (Kay and Toth,
2006), thus under the zinc release hypothesis its fluorescence should show a monotonic
decrease. This is not what was observed however, as ZnAF-2 fluorescence increased
upon stimulation and never fell below control levels (figure 38a — red curve). This
behavior is not consistent with the phasic release of zinc from synaptic vesicles predicted
by the zinc release hypothesis for two reasons; one, fluorescence should not initially
increase upon KCl stimulation and two, fluorescence should drop below control levels
due to diffusion of the zinc-probe complex. We obtained similar results with other
membrane permeable dyes such as ZP1 (figure 44a — red curve) and Zinquin.

One could argue that 50 mM KCI causes a large stimulation and is also unnatural
compared to physiological stimulation so the increase in fluorescence might not be
observed during the normal course of stimulation. To see if this was indeed the case,
stimulation experiments were conducted by using electrical stimulation (500 pulses at
100 Hz) instead and we observed the same increase in fluorescence (figure 40c). This
increase is smaller, which is consistent with the fact that the slice is only stimulated
locally vs. whole slice stimulation with KCI. Fluorescence levels still remain elevated,
even with continuous washing similar to that observed with KCl stimulated slices. The
same phenomenon is also observed with 500 mM Sucrose stimulation (see figure 40d),
which is a widely used technique for eliciting synaptic release.

Since 50 mM KCI might be considered a little too high of a concentration for slice
stimulation and might damage the slices, we also decided to use a smaller amount of KCI
(15 mM) for slice stimulation. The response is the same as with higher K" stimulation
although the amplitude of the fluorescence increase is smaller (6.35) than that of 50 mM
KCI (10.65). Fluorescence levels however, do not drop below control. We also tried to

perfuse slices with elevated KCl instead of stopping the flow. The problem with this
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approach was that perfusing required higher amounts of KCI1 (100 mM KCI for 45 s) to
achieve stimulation due to the dilution of KCl as it moves through the chamber.

To ascertain if 50 mM KCI was damaging the slices multiple stimulations on the
same slice were performed and the time between stimulations was varied (figure 41). Re-
stimulation of the slice as low as 15 min after first stimulation (black curve — figure 41)
elicited the persistent fluorescence response, albeit smaller, than what was previously
observed, indicating that the slice is not irreparably damaged, even though it needs some
time to recover.

This persistent ZnAF-2 fluorescence increase is very puzzling in light of the
location of the probe, so we set out to understand the phenomenon behind it. Our working
hypothesis was that zinc in synaptic vesicles is not entirely free, but it exists in a
coordinated form together with a membrane protein or another molecule and little if any
is released during stimulation. This zinc is however externalized during stimulation and
can still interact with molecules in the extracellular space (including chelators). If zinc is
indeed released in the course of stimulation, then applying an extracellular chelator
should strip the zinc off and cause the dye fluorescence to drop. To test this hypothesis
we used the extracellular chelator, EDPA. EDPA has a lower affinity for zinc as
compared to EDTA, but it also binds calcium and magnesium less tightly than EDTA
therefore it binds zinc faster. | mM EDPA was first applied to unstimulated slices loaded
with ZnAF-2 (red curve in figure 42a and 42b). There seems to be a little delay in the
EDPA response, but fluorescence levels fall below control levels to about 55% of initial
fluorescence. This is in agreement with previous findings (Kay, 2003) that there seems to
be a layer of chelatable extracellular zinc, previously christened “the zinc veneer”. EDPA
is able to strip off the zinc veneer and fluorescence levels drop below those of control.

To see if the zinc veneer is being increased during stimulation by an increase in
externalized zinc, we varied the timing of EDPA application with respect to KCl

stimulation. If the zinc veneer does increase after KCl stimulation due to more zinc
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becoming externalized, then adding EDPA after slices have been stimulated should lower
the fluorescence more than just EDPA alone. KCI (50 mM) was applied for 30 s and then
the slice was washed with normal saline for 3 min and 30 s. EDPA was then applied to
the extracellular medium for the remainder of the experiment. If the veneer is somehow
increased during stimulation, then the application of EDPA after stimulation should in
fact strip off more zinc and the level of fluorescence should drop below that of EDPA
application alone. This is not the case, however as the levels of fluorescence in both cases
are the same (figure 42a — black and red curves). There can be several explanations for
this; one being that the level of externalized zinc compared to the total fluorescence is so
small that we are not able to distinguish it from biological noise level. Another
explanation could be that EDPA is only able to strip the zinc veneer and not the zinc that
is externalized during synaptic stimulation. However, this could not be the case since
during simultaneous application of KCI and EDPA the large fluorescence peak is
eliminated, suggesting that the externalized zinc from the vesicles is being stripped from
the dye (since EDPA does not interact with the dye itself). Another possibility is that the
ZnT3 transporter is somehow activated and is stocking the vesicles with zinc as fast as
zinc is being chelated, keeping the zinc level at steady state (EDPA chelates the same
amount of zinc whether the slices are stimulated or not). An interesting implication of
this conclusion is that ZnAF-2 dye has to be recycled from the cytoplasm to these
vesicles as well, so that the final fluorescence remains steady.

If KCI and EDPA are applied together then EDPA should be able to strip off the
externalized zinc more easily. The concurrent application of EDPA and KCI all but got
rid of the high fluorescence increase observed after KCI stimulation (red curve — figure
42b). As KClI stimulation occurs, fluorescence starts to increase and as soon as the
vesicles start to fuse to the membrane, EDPA strips the zinc right off the dye, preventing
the increase in fluorescence that is typically observed (see inset in figure 42b). Final

fluorescence levels however, do not fall below those of EDPA alone. The fluorescence
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seems to decay faster than EDPA alone suggesting that KCl stimulation somehow
facilitates the stripping of zinc by EDPA.

This phenomenon differs somewhat in younger animals (14-18 days old) (figure
38b). While the increase in fluorescence due to KCl stimulation is similar (black curve —
figure 37b) to older animals (21-35 days old), the response to EDPA application is
slightly different. When 1 mM EDPA is applied after KCI stimulation and wash (red
curve — figure 38b), fluorescence does not fall below control levels (blue curve — figure
38b). This suggests that the zinc veneer is not as large in younger animals compared to
older ones. Application of EDPA before stimulation occurs seems to limit the increase in
initial fluorescence, but once again does not bring fluorescence below control levels.

What happens to the fluorescence after multiple KCI stimulations of the same
slice? To determine if the synaptic zinc is exhausted from multiple stimulations, we first
stimulated slices 10 times with 50 mM KCI for 30 s each time and 5 min wash in
between. The KCl solution also contained 1 mM of EDPA. Slices were held in a holding
chamber fitted with netting on the bottom and submerged in 10 mL solution continually
bubbled with O,. We performed two different controls; one where we stimulated the
slices with KCI 10 times, but without EDPA in solution and second a normal saline
solution without KCI and without EDPA. The control slices were submitted to the same
procedure in normal saline solution at the same time as the KCI/EDPA stimulated slices
were being moved from the KCI/EDPA chamber to the wash chamber and vice versa.
After the multiple stimulations, the slices were stained with ZnAF-2 for 30 min and
stimulated once more with KCI for 30 s and an image sequence was collected. The
average initial fluorescence value for the slices that were stimulated multiple times in the
presence of EDPA was lower than that of control slices (either stimulated with no EDPA,
or not stimulated at all — see table 2). This strongly indicates that zinc is not released in
the extracellular medium, since the fluorescence value for slices that were stimulated in

the absence of EDPA is not statistically different than the value for the unstimulated
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slices. The fluorescence value for slices that were stimulated in the presence of EDPA is
statistically different than the value for unstimulated slices, suggesting that EDPA is
stripping the externalized zinc as the vesicles are fusing to the membrane.

We observed another interesting phenomenon after the multiple stimulations.
Slices that had been subjected to multiple KCI stimulations in the presence of EDPA and
then stained and re-stimulated, exhibited an increase in fluorescence that was almost 3
times (red filled squares — figure 43) the normal increase in fluorescence that we had
previously observed (black open squares — figure 43). There was no difference in the
fluorescence increase that was observed from slices that were stimulated multiple times
in the absence of EDPA and the normal stimulation that had been previously observed
(black open squares and blue filled squares — figure 43).

To differentiate whether this priming of vesicles is due to the chelation of the zinc
from the veneer or the externalization, the following experiment was performed. Slices
were placed in solution that contained 1 mM EDTA and no KCl for 30 s and then washed
for 5 min in saline solution that also contained the same amount of EDTA. The slices
were then stained with ZnAF-2 followed by KCI application. The fluorescence increase
after KCI stimulation was only slightly lower than after 10 stimulations in EDPA (red
open squares and red filled squares — figure 43). This suggests that removing the zinc
veneer somehow causes a priming of slices for a large synaptic vesicle release. The
difference between the increase observed with EDTA vs. EDPA could arise from the fact
that since EDPA was co-applied with KCl is able to remove both the zinc veneer and the
externalized zinc, suggesting that the removal of both the veneer and the externalized
zinc is important in priming vesicles for release. The fact that removing only the zinc
veneer gives rise to almost the same large fluorescence as removing both the veneer and
externalized zinc could speak to the importance of the veneer in priming for vesicle
release. The fluorescence observed could also be proportional to the amount of zinc that

corresponds to the veneer vs. the externalized zinc (the fraction of externalized zinc is
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much smaller than the zinc veneer so the fluorescence increase due to stripping of the
externalized zinc is smaller than that observed from stripping the zinc veneer). The next
step was to determine the minimum CaEDTA application time needed to induce this
large increase in fluorescence. Slices were perfused with saline solution containing 1 mM
EDTA for 15, 30 and 45 min, washed for two min and then stimulated with KCI. The
large increase in fluorescence was observed with as low as 15 min of EDTA application
time (black curve — figure 44) with the highest increase occurring at 30 min of
application time (red curve vs. black and green curves— figure 44).

The pH within synaptic vesicles is around 5.5 and is rapidly alkalinized to pH 7.4,
upon fusion with the plasma membrane. Fluorescence of the zinc — ZnAF-2 complex
increases by a factor of ~7 when it is subjected to a similar change in pH (Hirano et al.,
2000) and could account for the large increase in fluorescence that is observed upon KCl
stimulation. To determine how much of the fluorescence increase observed after KCl
stimulation is due to the large change in pH that vesicles undergo, NH4Cl was used to
alter vesicular pH before KCI addition. If the fluorescence change observed upon
stimulation is due solely to the change in vesicular pH, then perfusing the slices with
NH4Cl should increase the fluorescence until the pH levels reach about 7.4 (zinc-ZnAF-2
fluorescence is almost constant at pH>7) and any additional fluorescence increase after
KCI addition should be eliminated.

ZnAF-2 loaded slices were perfused with saline that contained 50 mM NH4Cl for
the duration of the experiment. After slices were pre-treated for 4 min with NH4CI,
50mM KCIl was applied for 30 s and then saline wash (containing NH4Cl) was resumed.
The fluorescence increased upon NH4Cl perfusion, however when KCl is applied there is
another increase (red curve — figure 45a), indicating that the large fluorescence increase
that is observed when the slice is stimulated is not completely due to the change in pH.
An alternate explanation however could be that 4 min of NH4Cl application prior to KCl

stimulation is not enough time to fully change the vesicular pH from 5.5 to 7.4.
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To see if a longer application time with NH4Cl would completely get rid of the
fluorescence increase after KCl application to NH4Cl treated slices, we applied 50 mM
NH4CI for 30 min and then applied KCl for 30 s (black curve — figure 45b). The
treatment of slices with NH4Cl for 30 min leads to a reduction of fluorescence observed
after KCl stimulation, however fluorescence remains consistently higher than in control
slices. This result indicates that NH4Cl application may be partly responsible for the
initial increase in fluorescence observed after stimulation, however is not responsible for
the continued elevation of fluorescence since ZnAF-2 fluorescence is almost constant
above pH 7.5. This NH4Cl application time however, might be a little too long and inhibit
slice stimulation altogether (as simultaneous electrical recordings show the disappearance
of fEPSPs).

To determine if the peak of the fluorescence increase after KCl stimulation is only
due to the vesicular pH change, we performed the same stimulation experiments with a
different fluorescent dye, ZP1. If the persistent ZnAF-2 fluorescence increase observed
during stimulation is due to an increase in ZnAF-2 quantum yield due to the
alkalinization of vesicular pH, then using ZP1 in these experiments should abolish the
increase in fluorescence upon stimulation since ZP1 fluorescence does not change much
(even decrease a little) with increasing pH (Burdette et al., 2001).

ZP1 slices respond in a similar manner to KCI stimulation as ZnAF-2 loaded ones
(compare red curve — figure 46a and black curve — figure 38a). Fluorescence increases
upon KCl stimulation and remains elevated for minutes after the stimulus is removed.
This result indicates that pH is not the only factor that influences the increase in
fluorescence due to stimulation; since if that were the case, fluorescence of ZP1 loaded
slices should decrease with increasing pH.

ZP1 slices were also submitted to 50 mM NH4Cl treatment and then stimulated
with KCI. After slices were pre-treated for 4 min with NH4Cl, 50 mM KCl was applied

for 30 s and then NH4C1 wash was resumed for the duration of the experiment.
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Fluorescence increased upon NH4ClI perfusion, however when KCl was applied another
increase was observed (black curve — figure 46a) similar to that in ZnAF-2 slices.

ZP1 fluorescence is constant between pH 5.5 and 6.5 (Burdette et al., 2001),
therefore to exclude the possibility that 4 min of NH4Cl treatment before KCI stimulation
is not enough to completely change the vesicular pH to about 7.4, we treated ZP1 slices
with NH4Cl for 10 min and then stimulated them with KCI (NH4Cl treatment was
resumed after 30 s of KCl application). The peak fluorescence is greatly reduced as
compared to KCI only, but fluorescence does not decrease, as it would be expected from
pH effects on ZP1 fluorescence (black and red curves in figure 46b). This indicates once
again that only part of the large increase in fluorescence observed with KCI stimulation
of slices is due to pH changes. In the case of ZP1, increasing pH should not only
eliminate the increase in fluorescence after stimulation, but it should cause a slight
decrease, which is not observed.

Interestingly, fluorescence of ZP1 loaded slices starts to increase above control
levels soon after NH4Cl treatment and well before KCI application (black curve — figure
46b). This continued increase in fluorescence cannot be explained by increasing pH,
since ZP1 fluorescence does not increase with increasing pH, instead it remains constant
and decreases sharply with pH>8. So how can ZP1 fluorescence increase with increasing
pH? We hypothesize that the change in vesicular pH, results in an increase in vesicular
zinc concentration through the activation of the ZnT3 transporter. ZnT3 may become
activated when the pH gradient is lost and begin pumping more zinc into the vesicles,
leading to an increase in fluorescence. To make certain that ZP1 fluorescence does not
change much between pH 5.5 and 7.4, a scan of zinc-ZP1 fluorescence in a
spectrofluorimeter at both pH values was performed. The ratio between the total
fluorescence intensity at pH 7.4 vs. pH 5.5 was 0.77, confirming previous data that

increasing pH causes a decrease in ZP1 fluorescence intensity (Burdette et al., 2001).
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A change in pH through direct action on the quantum yield of the dye can only
account for a part of the persistent increase in ZnAF-2 fluorescence, since this increase
also occurs with ZP1. The pH dependence of the dye might explain the large fluorescence
increase observed after KCI application, but it cannot explain why the fluorescence levels
do not decrease below control levels (compare 30 min NH4Cl1 application — black curve
and ZnAF-2 control — red curve in figure 45b). If fluorescence does not decrease below
control levels, then zinc is probably not released in the extracellular space during
stimulation.

How does vesicular zinc itself respond to pH change? We mentioned earlier that
one of the reasons that the fluorescence levels with EDPA alone and fluorescence levels
with KCI/EDPA together are not different, might be the fact that ZnT3 pump is activated
and recycles zinc into the vesicles as fast as it is being removed. Most pumps work by
using a pH gradient and given the results obtained with NH4Cl treatment of ZP1- and
ZnAF-2-loaded slices, we wanted to know if ZnT3 activity is affected by alkalinization of
the intravesicular pH. Unstained slices were treated with 50 mM NH4Cl1 for 15min and
then stained for 30 min in ZnAF-2 saline solution that contained 50 mM NH4CI to
maintain a high pH during staining. The fluorescence was then recorded and compared to
control slices, which were held in normal saline solution for 15 min then stained with
ZnAF-2 in normal saline for 30 min (table 3). If the ZnT3 pump is rendered inactive by
an increase in pH, or if the zinc gradient inside the vesicle would be lost due to the pH
increase, then the average level of initial fluorescence values for the NH4Cl treated slices
should be lower than that of control. If however, ZnT3 is activated by an increase in pH,
then the opposite should be true. This is not the case, however since the two average
initial values are statistically the same. This suggests that ZnT3 may not use a pH
gradient to pump zinc into the vesicle, or that pH 5.5 is not necessary to retain vesicular

zinc. Also, ZnT3 might require both an increase in pH and loss of vesicular zinc to
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become activated therefore, if the increase in pH does not compromise the concentration
of zinc inside the vesicle, then ZnT3 may not be activated.

To distinguish between what fractions of zinc gave rise to the fluorescence
observed we also used membrane permeable chelators. These chelators are able to cross
both the cell membrane and the synaptic membrane, and therefore are able to chelate zinc
from the veneer and the synaptic vesicles. Different chelators can also strip off different
amounts of zinc from the ternary complex it forms with the synaptic membrane protein,
so two membrane permeable chelators, TPEN and DEDTC were used to study the
fluorescence of ZnAF-2 loaded slices. TPEN is larger then DEDTC so it diffuses slower
into the cell, however it has a much higher affinity for zinc so it binds it very tightly
compared to DEDTC.

If TPEN is applied to unstimulated slices, fluorescence drops below control levels
(compare blue curve — figure 47a to red curve — figure 38a) to about 30% of initial
fluorescence value, validating the fact that TPEN is indeed diffusing into the cell and
chelating zinc from the synaptic vesicles. To see if TPEN would be able to strip more
zinc if the pH was increased, slices were pre-treated with NH4Cl and then TPEN was
added (green curve — figure 47a, NH4ClI along with TPEN were applied for the duration
of the experiment). There is a small fluorescence increase due to the pH change and then
fluorescence drops quickly when TPEN is applied. However, the end fluorescence value
is not any different than TPEN alone, suggesting that TPEN is not able to strip any more
zinc off than at physiological pH. If the slice is stimulated with KCl first and the
fluorescence allowed to peak, then TPEN is added (about 1min from addition of KCI) the
end fluorescence value is different than the end value for TPEN alone (red curve — figure
47a), which indicates that during stimulation TPEN might be able to extract more zinc
than in the non-stimulated state. TPEN may be able to penetrate the vesicles better if they
are fusing to the membrane than in the non-stimulated state. Another possibility for the

difference in fluorescence could be that TPEN alone was not allowed enough time to strip
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all the possible zinc. There is also a possibility that KCI application may lower the
autofluorescence of the slices. DEDTC confirmed the results obtained with TPEN. If
DEDTC is added to unstimulated slices (blue curve — figure 47b), fluorescence drops to
about 55% of the initial value. The drop is faster, because DEDTC is smaller and diffuses
in quickly, but the end fluorescence value is higher than with TPEN since it does not bind
zinc as strongly. The change in pH does not seem to affect how much zinc DEDTC can
appropriate (similar to TPEN) since in slices that were pre-treated with NH4Cl prior to
DEDTC application, the end fluorescence value was the same (green curve — figure 47b)
as that of DEDTC alone. NH4Cl application might affect the rate of chelation however, so
that in NH4Cl treated slices, zinc might become more accessible and be chelated more
rapidly than in non-treated slices. When slices were stimulated with KCl, allowed to
reach peak fluorescence (1 min) and then DEDTC was added, fluorescence dropped
quickly to the same level as DEDTC alone (red curve — figure 47b). The reason that the
two are not different could lie in the fact that DEDTC has a lower affinity for zinc than
TPEN and even though it can penetrate better and get to the vesicles be they in the
stimulated or non-stimulated state, it does not strip as much zinc off. The fluorescence
drop after DEDTC is applied to stimulated slices is very quick (about 5 min) as compared
to TPEN (about 20 min) even though it is not as pronounced (to about 55% of initial
fluorescence vs. 30% in TPEN).

The use of membrane permeable and impermeable chelators allows for the
differentiation of various pools of zinc. As it was determined earlier, if EDPA is applied
to unstimulated slices loaded with ZnAF-2, fluorescence intensity decreases below
control levels indicating that there is a pool of zinc associated with the extracellular
membrane and is termed the zinc veneer. The zinc veneer exists with or without slice
stimulation. Similarly, if TPEN or DEDTC are applied to unstimulated slices loaded with
ZnAF-2, fluorescence decreases more than when EDPA is applied, suggesting that the

membrane permeable chelators are able to strip not only the zinc veneer, but another zinc
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pool as well; the vesicular zinc. The remaining pool of zinc is termed externalized zinc
and is a subset of the vesicular zinc. Since only a fraction of the synaptic vesicles fuse
with the cell membrane during stimulation at any given time, not all vesicular zinc
becomes externalized. To understand what pool of zinc the fluorescence comes from, we
can compare the KCI stimulated slices with the EDPA chelated pool and the TPEN
chelated pool (figure 48). If we assume that all the increase in fluorescence after KCl
addition is due to the pH dependence of ZnAF-2 and divide that increase by 7 (the ZnAF-
2 fluorescence increase due to pH is about 7 fold), that is the fraction of the synaptic zinc
that is externalized (black curve — figure 48). Taking the difference between the final
value of fluorescence with TPEN alone (orange curve — figure 48) and subtract it from
the final value of control (gray curve — figure 48) would give the fluorescence that arises
from all chelatable forms of zinc (assuming that TPEN chelates all three forms of
chelatable zinc, which is a reasonable assumption, since TPEN is a membrane permeable
chelator with a strong affinity for zinc). The difference between the final fluorescence
value of EDPA alone and that of control corresponds to the fraction of chelatable zinc
that is part of the veneer (green curve — figure 48). A different breakdown of the
percentage of the different zinc pools is given in figure 49. Notice how the percentage of
externalized zinc (in red) is so small as to be within measurement error. Synaptic zinc and
veneer zinc are about the same percentage. EDPA and EDPA/KCI strip about the same
amount of zinc, while TPEN/KCI strips off more zinc than TPEN alone, indicating that
either there is some amount of zinc that is unable to be stripped with TPEN, or that the
experiment was not long enough to allow for TPEN to strip off all the chelatable zinc
(orange curve in figure 48 does not seem to fully reach steady state).

Another interesting question is the localization of ZnAF-2 with respect to
intracellular compartments. We utilized histidine (his) and pyrithione (pyr) to visualize
where ZnAF-2 is located (mainly in the cytoplasm or in the synaptic vesicles). His is a

membrane impermeable zinc chelator, which forms both mono- and bis — zinc complexes
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and facilitates its solubility in the extracellular medium (Rumschik et al., 2009), but it
does not act as a zinc transporter. As a result, if zinc and His are co-applied
extracellularly, zinc should be able to enter the cell, but not the synaptic vesicles. If
ZnAF-2 is located mostly in the cytoplasm, when zinc and his are applied, there should
be a surge in fluorescence as extracellular zinc makes its way into the cell. We applied
zinc/his (100:200 uM — for ratio optimization see chapter 4) to slices loaded with ZnAF-2
and observed a slight increase in fluorescence (see figure 50) as compared to other dyes
such as FZ-3-AM. This could be because ZnAF-2 is preferentially localized in the
synaptic vesicles where the chelatable zinc is located, rather than in cytoplasm. There
was no difference in the fluorescence increase from the cell body (figure 50 — open
squares) from the increase in synaptic vesicles (figure 50 — closed squares). This indicates
that either ZnAF-2 is not localized in the cytoplasm, but preferentially moves into the
synaptic vesicles, or that zinc is very tightly buffered once it enters the cytoplasm (refer
to chapter 5).

Pyrithione (pyr) on the other hand, is a zinc ionophore and allows zinc to cross
both the cellular membrane and the synaptic membrane (it does this by forming a 2:1
complex with zinc and shuttling it across membranes, see figure 51). When pyr/zinc
(15:10 uM — for ratio optimization see chapter 5) is co-applied, a large increase in
fluorescence should be observed as seen with FZ-3-AM (see figure 24 in chapter 5).
However, a decrease in fluorescence was observed after zinc/pyr application in both the
cytoplasm and the synaptic vesicles. This phenomenon needed further probing, so we set
out to understand what was causing the decrease in ZnAF-2 fluorescence. We performed
fluorimeter experiments with 500 nM ZnAF-2. ZnAF-2 fluorescence increases upon zinc
(10 uM) binding, but decreases to about 1/3 of the fluorescence after 15 uM pyr is added
to the buffered solution. Subsequent additions of zinc (up to 40 uM total concentration)

do not seem to restore the fluorescence value, indicating that pyr quenches ZnAF-2



109

fluorescence. We also studied the quenching of ZnAF-2 with varying pyr concentrations
and found that quenching occurs in pyr concentrations as low as 0.33 uM (see figure 52).
We then tried to find another compound that would act as a zinc ionophore, but
would not quench ZnAF-2 fluorescence. Clioquinol (CQ) is another ionophore and a
substance that has been used for Alzheimer’s disease with some success. We started out
by treating the slices with 10 uM CQ and 7 uM zinc (blue line — figure 53) and then
stimulate with KCI. No increase in fluorescence is observed prior to KClI stimulation,
which can be explained by the fact that zinc is tightly buffered once it enters the cell. This
explanation does not exclude the fact that ZnAF-2 could be located only in the synaptic
vesicles, since if ZnAF-2 were in the cytoplasm it could see influxes of zinc however
transient. Interestingly, application of 10 uM CQ and 7 uM Zn to FZ-3-AM loaded slices
induces an increase in fluorescence, unlike ZnAF-2. This could indicate once again that
ZnAF-2 may indeed preferentially move into synaptic vesicles where the concentration of
chelatable zinc is large. Fluorescence does not decrease either, indicating that CQ does
not quench ZnAF-2 fluorescence. In the course of the CQ study a very interesting
phenomenon was observed. If trace amounts of CQ are present, the response to KCI
stimulation is 4 times larger (red curve — figure 53) than in our previous stimulations
(black curve — figure 53). CQ is very hydrophobic and it sticks to the walls of the tubing
used to perfuse normal saline solution containing CQ. In fact, the only way to get rid of
CQ was to replace the tubing. Due to the fact that the unusual increase in fluorescence
after KCI stimulation was observed after trying to flush CQ from the tubing by
continuous washing, it was difficult to determine what concentration of CQ was causing
the large increase in fluorescence, therefore it was termed “trace amounts”. To determine
how low of a concentration of CQ could bring about the large fluorescence increase slices
were treated with 10 uM CQ (green curve — figure 53) for 5 min and then stimulated. The
increase in fluorescence upon KCl stimulation is similar to the one observed with trace

amounts, although it is not as large, implying that CQ levels need to be lower to reach as
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large of a fluorescence increase upon KCl stimulation. CQ does not seem to affect the
fluorescence after KCl stimulation even with a concentration as low as 1 uM (magenta
curve — figure 53). We are not sure how CQ affects the slice stimulation, but one possible
way could be that it somehow primes the slice for a massive synaptic vesicle fusion. CQ
does not seem to have an effect on ZnAF-2 fluorescence itself, since its application

before KCl addition does not affect the fluorescence at all (blue curve — figure 53).

Discussion

Our experiments provide evidence against the notion that zinc is freely released
during the course of synaptic stimulation. The fact that the fluorescence signal sharply
increases and does not diminish with time after continuous washing of the slices indicates
that zinc is not being freely released. Our data provides evidence to support what we have
previously hypothesized, that zinc is being externalized (Kay, 2006) during synaptic
transmission instead of being released in the extracellular medium. Some reports of zinc
release have also found similar increases in fluorescence after stimulation that have lasted
for several minutes after stimulation was induced, however the source of the fluorescence
increase was not addressed (Qian and Noebels, 2005; Ueno et al., 2002; Varea et al.,
2001). It could be argued that the increase in fluorescence is due to the change in pH the
fluorescent dye undergoes when the vesicles fuse to the membrane (Sankaranarayanan et
al., 2000). ZnAF-2 fluorescence increases 7-fold when the pH is changed from 5.5 to 7.4
(Hirano et al., 2000), giving rise to the sharp increase observed under KCl stimulation.
Our results obtained with NH4Cl treatment of the slices, where fluorescence increased
due to the pH change, but was smaller than the increase observed with KCl stimulation,
support the conclusion that the total fluorescence increase observed with stimulation is
not all due to the pH change. It could be that treatment of slices with NH4Cl may not
induce a complete change in pH (up to 7.4), however slices were treated with 50 mM

NH4CI, which should be a large enough concentration to induce such a change and
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NH4Cl is also a small molecule and it diffuses very quickly, penetrating even into the
depth of the slice. One other possibility could be that the cells are somehow pumping
NH4CI out as it diffuses in, which can be the reason why the pH may not get to 7.4,
however the concentration of NH4Cl is large enough to change the vesicular pH very
quickly and keep it so, since it is applied for the length of the experiment. These vesicles
are very small (50 nm diameter) so they do not require large changes in H' concentration
to achieve large pH changes. It could also be that as the pH is changing in the vesicle, the
pH pumps get activated and begin to counteract the action of NH4Cl, by lowering the pH.
Since synaptic vesicle size is below the resolution of optical microscopes it would be
impossible to determine if the pH of vesicles responds homogenously to NH4Cl and that
all vesicles achieve a pH of 7.4. We shied away from the idea of using pH sensitive dyes,
since in tissue studies there would be a distribution of pH values and it would be very
hard to distinguish whether the pH is indeed changing in the synaptic vesicle area only.
The data obtained with ZP1 loaded slices, whose fluorescence decreases with increasing
pH (Burdette et al., 2001), seem to refute the idea that all fluorescence increase is due to
pH change, since the same phenomenon of fluorescence increase observed with ZnAF-2
is observed with ZP1.

The pH-dependent increase in fluorescence however only accounts for a fraction
of the increase in signal after stimulation, but it does not explain why the signal does not
fall below control levels. If the zinc-dye complex is freely diffusing in solution, the signal
should fall quickly due to washing, but this is not observed. However, it could be possible
that the dye immobilizes zinc somewhat by forming a stable ternary complex with zinc
and some other membrane bound molecule and keeps the zinc from diffusing into the
synaptic cleft.

The average initial fluorescence value for multiple KCI stimulated slices in the
presence of EDPA was lower than the one for control (no stimulation at all, or stimulated

in the absence of EDPA). The more telling result is the fact that the initial fluorescence
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value for slices that were stimulated multiple times with KCl in the absence of EDPA
was statistically the same as the value for the non-stimulated slices. This indicates that
either zinc is not being released, or that zinc is recycled back into the slice. A different
explanation for this could be that the slices are appropriating zinc from the saline holding
solution, even though we take careful precautions to keep the concentration of zinc in
solutions at a minimum (20 nM).

EDPA applied simultaneously with KCI does not seem to strip off any more zinc
than EDPA applied to unstimulated slices, however the multiple stimulation experiments
provide evidence that zinc is only externalized and becomes available for EDPA
chelation. The difference between zinc stripped off by EDPA alone, or by co-application
of EDPA and KCI could be small enough to fall within experimental error (we are able to
see the difference only with multiple stimulations of the same slice). In our breakdown of
the fluorescence signal, externalized zinc only accounts for about 3.4% of the total
fluorescence observed, whereas zinc veneer and synaptic zinc give rise to over 95% of
the fluorescence observed. The fluorescence that comes from externalized zinc is within
experimental error and we are not able to see the difference between how much zinc can
be stripped from EDPA and EDPA/KCI application.

The phenomenon of the unusual fluorescence increase observed during multiple
stimulations (figure 43) deserves some attention as well, even though we have not
performed follow-up experiments. The result that stripping the veneer is enough to cause
the large fluorescence increase indicates that loss of the veneer is somehow affecting
vesicle release. More experiments are needed in order to determine the relationship

between the veneer and the efficacy of synaptic transmission.

Conclusion
In conclusion, we have presented evidence that refutes the traditional zinc release

hypothesis, which claims that zinc is being freely released during synaptic transmission.
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Our data indicates that zinc is being externalized instead, as a ternary complex with a yet-
to-be-identified synaptic membrane molecule or protein. Our data throws doubt on the
hypothesis that ZnT3 uses a pH gradient to drive zinc uptake into the vesicles. The
stripping of zinc from the veneer via extracellular chelation leads to a large increase in
the stimulus-induced increase in fluorescence, suggesting that the role of the veneer may

be important in normal cell physiology.
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Figure 38. KClI stimulation and EDPA chelation of Zinc in older and younger animals

Note: Graph a — black curve represents fluorescence response to 50 mM KCI. Arrow
indicates the addition of KCI, which lasted for 30 s. Red curve — control. Graph b — black
curve — fluorescence response to KCl stimulation in young animals, arrow denotes the
time of application and the red bar denotes the duration of KCI stimulation (15 s). Red
curve — fluorescence response to KCl stimulation followed by 2 min washing and then 1
mM EDPA application; the aqua bar represents the duration of normal saline wash,
whereas the magenta bar the duration of EDPA application. The green curve represents
the fluorescence response of unstimulated slices to EDPA addition and the blue curve is
the control curve.
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Figure 39. Importance of location and membrane permeability of the probe and chelator

Note: Panel a — synaptic and veneer zinc in unstimulated slices. Large circles represent
synaptic vesicles whereas small ones represent chelatable zinc within the vesicles. Panel
b — during stimulation the vesicles fuse to the membrane exposing zinc to the
extracellular space where it can be stripped off from an extracellular chelator. Panel ¢ —
general schematic of the fluorescence signal that is expected if the fluorescent probe is
membrane permeable and membrane impermeable. These scenarios are true if the zinc is
being fully released (Kay, 2006).



116

Figure 40. Fluorescence response to different types of stimuli

Note: Images of a slice that is being electrically stimulated (500 pulses, 100 Hz), when
stimulation starts (image a) and at the peak of fluorescence increase (image b). Graph ¢
represents fluorescence response of electrically stimulated slices in young (black curve)
and old (red curve). The arrow indicates the start of the electrical stimulus. Graph d
represents the fluorescence response of slices stimulated with 500 mM sucrose for 30 s.
Arrow indicates the time of sucrose application.
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Figure 41. Multiple KCI stimulations of the same slice

Note: The timing of 50 mM KCIl application was varied every 6 (black curve), 15 (red
curve) and 30 min (green curve).
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Figure 42. EDPA chelation in ZnAF-2 loaded slices

Note: Graph a — black curve represents the addition of I mM EDPA after 50 mM KCI
addition followed by saline wash. Red curve — EDPA addition to unstimulated slices.
Green curve — simultaneous addition of EDPA and KCI. Lines indicate the time of
application, KC1 30 s, EDPA for the remainder of the experiment. Graph b, green curve —
EDPA addition to unstimulated slices. Red curve — simultaneous EDPA and KCl
addition. Gray curve — control slices. Inset shows a blow-up of the graph around the
application of EDPA and EDPA/KCI.
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Figure 43. Fluorescence response of ZnAF-2 slices to multiple KCI stimulations

Note: Black open symbols represent control slices (stimulated only once with KCI). Blue
curve — fluorescence of ZnAF-2 slices that have been stimulated with KCI 10 times with
a 5 min recovery time in between and then stimulated again to collect the fluorescence
curve. Red closed symbols — fluorescence of ZnAF-2 slices that have been stimulated
with KCl in the presence of | mM EDPA 10 times with 5 min recovery time in between
and then stimulated again to collect the fluorescence curve. Red open symbols —
fluorescence of ZnAF-2 slices that were treated with 1 mM EDTA for 50 min and then
stimulated with KCI to generate the fluorescence curve. KCI was applied at min 1.
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Figure 44. Fluorescence response of ZnAF-2 stimulated slices perfused with CAEDTA
for varying times

Note: Black curve — fluorescence of ZnAF-2 slices perfused with 1 mM CaEDTA for 15
min and then stimulated with KCI. Red curve — fluorescence of ZnAF-2 slices perfused
with 1 mM CaEDTA for 30 min and then stimulated with KCI. Green curve —
fluorescence of ZnAF-2 slices perfused with 1 mM CaEDTA slices for 45 min and then
stimulated with KCl. CAEDTA was perfused at min 1 and washed off for 2 min before
KCl1 was applied. KCI was applied for only 30 s.



a 105

100

95

90

85+

% Normalized Fluorescence

80

75-

b 100

95
90
85

80

% Normalized Fluorescence

75

70

KCim

—=—KCl alone n=5
—+—NH,Cl + KCI n=5

2 4 6 8 10 12 14
Time (min)
NH,CI
|

—*=—NH,Cland KCl n=7
— *—ZnAF, otrl n=5

Time (min)

121

Figure 45. Fluorescence response of ZnAF-2 slices with varying NH4Cl application time

Note: Graph a - pH dependence of ZnAF-2 fluorescence. Arrows indicate the timing of

the application. NH4Cl1 (black curve) was applied for the duration of the experiment,

whereas KCl in conjunction with NH4Cl was applied at min 5. Red curve is the response
of ZnAF-2 loaded slices to 50 mM KCI applied at min 1. In both cases KCl was applied
for only 30 s. Graph b - Response of ZnAF-2 loaded slices to KCI stimulation after being
treated with NH4Cl for 30 min. Arrows indicate the timing of the application. KCI was
applied for 30 s, while NH4Cl for the duration of the experiment.
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Figure 46. Response of ZP1 loaded slices to KCI stimulation, NH4Cl and EDPA
application

Note: Graph a - Red curve represents the response of ZP1 loaded slices to 30 s
application of 50 mM KCI. Black curve represents the response of ZP1 loaded slices to
50 mM NH4CI treatment and subsequent KCI stimulation. Blue curve represents the
response of ZP1 loaded slices to 1 mM EDPA chelation and green curve is the control
curve. NH4CI was applied at min 1 for the duration of the experiment, whereas EDPA
and KCI were applied at min 5. Graph b - Fluorescence response of ZP1 loaded slices to
longer NH4Cl application and subsequent KCl stimulation. Black curve represents
fluorescence response of slices treated with 5 mM NHy4CI for 10 min and then stimulated
with 50 mM KCI. Arrows indicate the timing of application. NH4Cl was applied for the
remainder of the experiment. Red curve represents the response of ZP1 loaded slices to
50 mM KClI stimulation. Green curve is control.
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Figure 47. Fluorescence response to membrane permeable chelators: TPEN and DEDTC

Note: Graph a - Fluorescence response of ZnAF-2 loaded slices to TPEN chelation. Red
curve is the response of ZnAF-2 slices to 50 mM KCI stimulation followed by 200 uM
TPEN addition after 1 min. Green curve is the response of ZnAF-2 slices to 50 mM
NH4Cl treatment and subsequent TPEN addition. Blue curve is the response of ZnAF-2
slices to TPEN application only. Graph b - Response of ZnAF-2 loaded slices to DEDTC
chelation. Curves follow the same pattern as for TPEN.
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Figure 48. Response of ZnAF-2 loaded slices to membrane permeable and impermeable
chelators

Note: A comparison between addition of I mM EDPA (extracellular chelator) and 200
uM TPEN (intracellular chelator) to unstimulated slices, and KCI stimulated slices. Gray
line is control. Arrows indicate the timing of the application. KCl was applied for only 30
s, while TPEN and EDPA for the remainder of the experiment.
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Figure 49. A general breakdown of fluorescence increase upon KCl stimulation

Note: The green part represents the fluorescence that comes from synaptic zinc, the red
part represents the fluorescence that arises from the zinc veneer and finally the blue part
represents the fluorescence that arises from the zinc that is externalized during KCl
stimulation and vesicle fusion.
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Figure 50. Fluorescence response of ZnAF-2 loaded slices to Zinc/His application

Note: The vertical bar represents the application time of Zn/His, which lasts until wash
begins. Open squares — cell body fluorescence (cytoplasm); closed squares — hilus
fluorescence (synaptic vesicles).
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Figure 51. A general diagram of the action of an ionophore

Note: The ionophore can shuttle zinc through either the cell or the synaptic vesicle
membrane and allows for Zn to move inside or outside. Not all ionophores can assist zinc
in crossing both membranes. Pyrithione, for example allows zinc to cross both
membranes, whereas clioquinol allows zinc to cross only the cell membrane.
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Figure 52. ZnAF-2 quenching vs Pyrithione concentration

Note: Spectrofluorimeter experiments where varying concentrations of pyr were added to
500 nM ZnAF-2 in the presence of 10 uM zinc. The fluorescence is given as the total
drop in fluorescence with pyrithione addition.
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Figure 53. Effect of Clioquinol (CQ) on the fluorescence increase upon KCl stimulation

Note: Black curve — KCl stimulated slices only. Red curve — KCI stimulated slices after
traces of CQ. Green curve — KCI stimulated slices after 10 uM CQ application for 5 min.
Blue curve — 10 uM CQ and 7 uM Zn co-application before KCl stimulation. Aqua curve
— ZnAF-2 control and magenta curve — KCl stimulation before 1 uM CQ application.
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Table 2.  Effect of Multiple KCI stimulations in the presence and absence of chelator on
stripping of externalized and/or veneer zinc

1 KC1 11 KC1
11 KC1
stimulations stimulations ZnAF-2 control
stimulations no
after EDTA with EDPA n=45
EDPA n=16
n=30 n=16
Average Initial
316 194 291 319

Value (AU)

SEM 12 9 17 12




131

Table 3.  Effect of pH change due to NH4Cl treatment of slices upon zinc stocking of
synaptic vesicles

NH4Cl then ZnAF-2 (n=22)  ZnAF-2 control (n=13)

Average Initial Value (AU) 429 421

SEM 13 10
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CHAPTER VIL*
ROLE OF NERVE GROWTH FACTOR APPLICATION
TIME ON PC12 CELL RESPONSE TO KCL INDUCED
STIMULATION

Introduction

The study of the underlying molecular mechanisms of differentiation is critical for
a better understanding of development related diseases and subsequent regenerative
medicine strategies. Neural stem cell-based replacement therapies have been suggested
for a wide-range of neurological disorders, such as epilepsy, Parkinson’s disease,
amyotrophic lateral sclerosis (ALS) and Huntington’s disease. Successful therapeutic
strategies require a better understanding of the molecular mechanisms that can be used to
control cellular phenotype fate as well as spatially dictate growth properties. It is widely
known that neural stem cells have the ability to differentiate into mature progeny of
neurons, astrocytes, oligodendrocytes and even smooth muscle cells (Erikkson et al.,
1998; Ming and Song, 2005; Qian et al., 1997). The human brain manufactures trophic
factors in both damaged and undamaged tissues to sustain and strengthen synaptic
survival (Erikkson et al., 1998; Fallon et al., 2000; Magavi et al., 2000; Palmer et al.,
1999; Qian et al., 1997; Sawamoto et al., 2006; Sun et al., 2003). The formation of
neuronal connections is mainly dependent on growth factors and cytokines (Lu et al.,
2003) and pre- and post-synaptic differentiations are spatiotemporally coordinated
(Akerud et al., 2001; Erikkson et al., 1998; Santiago et al., 2005; Sun et al., 2003).
Fibroblast growth factor, collagen IV and f2-laminins are some of the signaling
molecules required to transform neurites (neuronal-like extensions) into fully functioning

nerve terminals (Fox et al., 2007). Crucial cell-to-cell communication and signal

* This work was done under Dr. Donald M. Cannon.
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transduction needed for neuronal differentiation and synaptogenesis is achieved through
endo- and exocytosis. Signaling molecules (trophic factors) are released in the
extracellular space through exocytosis. These molecules are then internalized through
endocytosis into neighboring cells, thus triggering cellular changes. In neuronal cells
these two processes are tightly regulated and do not occur at random, but only through
external stimuli (i.e. ligand binding) (Sagi-Eisenberg, 2007).

The mechanisms of neural differentiation are difficult to observe in complex
mammalian systems. Single cell analysis can provide a fundamental perspective by
simplifying this complexity as well as providing a glimpse into the individual behavior of
each single cell (Cannon Jr. et al., 2000). Pheochromocytoma (PC12) cells have been
extensively used as a good single cell neuronal model. If stimulated with elevated K"
(100 mM) isotonic solution, PC12 cells undergo vesicular exocytosis in a Ca*"-dependent
manner and release catecholamines (dopamine) (Greene et al., 1987; Greene and
Tischler, 1976). They also differentiate and form neurites when exposed to nerve growth
factor (NGF) (Greene et al., 1987; Greene and Tischler, 1976). NGF is a growth factor
that promotes neuronal outgrowth and survival, as well as plasticity (Cohen et al., 1978;
Nishida et al., 2007). NGF binding to TrkA receptors facilitates neurite formation by
promoting p53 binding to DNA (Brynczka et al., 2007; Brynczka and Merrick, 2007).

Optical microscopy has provided a useful analytical tool for single cell analysis.
In particular fluorescence microscopy offers chemical specificity and higher sensitivity
needed to understand intricate molecular information. Fluorescence microscopes are
relatively inexpensive and readily available while the pool of available fluorescent dyes
has increased. In this study, a well-known membrane potential dye, FM 1-43, was used to
interrogate exocytotic events in differentiated and undifferentiated PC12 cells. FM 1-43
is a styryl dye that was first synthesized by Betz et al. in the early 1990’s as an
improvement on its precursor (Betz et al., 1992; Betz et al., 1996). FM 1-43 has been

used extensively to study the process of exo- or endo-trafficking in many neuronal
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systems due to three properties (Carrasco et al., 2007; Cochilla et al., 1999; Henkel et al.,
1996a; Kasai et al., 2005; Kay et al., 1999; Kishimoto et al., 2005; Liu et al., 2005;
Morgenthaler et al., 2003; Prange and Murphy, 1999; Staple et al., 1997; Zhang et al.,
2007). It has a tail that consists of a four carbon chain, aiding partition into membranes, it
reversibly partitions into the membrane and cannot cross within the cytoplasm due to the
positive charge it carries and finally it fluoresces weakly in a polar medium such as
water, but its fluorescence quantum yield increases as it partitions into the membrane
(Betz et al., 1996; Henkel et al., 1996b). We have developed an advanced FM 1-43
fluorescent microscopy protocol with the necessary sensitivity and resolution to
distinguish between functional differences of single PC12 cells at various stages of
differentiation. Our method of staining does not invoke bulk stimulation as in most
reported studies, but allows for individual cell stimulation. We have utilized ADVASEP-
7, a chelating agent for FM 1-43, to remove background interferences from unbound dye
(Kay et al., 1999). This has permitted us to view the appearance of brightly lit vesicles
and distinguish between exocytotic release patterns in NGF-treated as compared to non-
treated PC12 cells. The observed exocytotic differences are primarily associated with the
amount and spatial location of release sites and are dependent on the time of NGF
treatment (no treatment, 5 day and 14 day NGF treatment). Our experiments support the
hypothesis that PC12 cells treated with NGF for a varying amount of time express

different phenotypes manifested in differences in exocytosis patterns.

Experimental Methods

Chemicals and isotonic solutions
All chemicals were purchased from Sigma Aldrich unless otherwise specified.
Chemicals: RPMI (Gibco), horse serum, fetal bovine serum, penicillin, streptomycin,
amphotericin B, nerve growth factor, NaCl, KCl, MgCl,*6H,0, HEPES, glucose,

CaCl,*2H,0, collagen (Vitrogen), poly-I-lysine, ethanol, H,SO4, 30% H,O..
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Isotonic/HEPES solution was prepared with autoclaved water and had the
following concentrations: in mM: 150 NaCl; 5 KCI; 1.2 MgCl,*6H,0; 10 HEPES; 5
glucose; 2 CaCl,*2H,0. Isotonic elevated K'/HEPES solution was prepared in the
following concentration: in mM: 55 NaCl; 100 KCl; 1.2 MgCl,*6H,0; 10 HEPES; 5
glucose; 2 CaCl,*2H;0.

Cell Culture

PC12 cells were generously provided by Dr. Andrew G. Ewing’s lab, University
of Pennsylvania. Cells were maintained in 85% RPMI media supplemented with 10%
horse serum, 5% fetal bovine serum, 68 mg/L penicillin, 100 mg/L streptomycin and 10
mL/L amphotericin B. The cells were incubated in T-25 flasks at 37°C, 7% CO, and
100% humidity environment. Cells were continually monitored through a CKX31
Olympus microscope to ensure sterility and were split every 6-7 days after confluency
was reached. Undifferentiated PC12 cells were plated and experiments were conducted
after at least 2 hours of plating. No cells were plated on the same day as splitting
occurred, since it was found that PC12 cells do not release well soon after splitting.

Differentiated cells were first primed with 5 uL NGF (20 ng/mL) for 5 days and
then plated on coverslips coated with a cell adhesion layer. Priming PC12 cells with NGF
before plating causes them to differentiate faster once plated on a coated surface. Cells
were allowed to differentiate for at least 5 days before fluorescence studies were

performed.

Coverslip Preparation
Glass coverslips were first Piranha etched in a 1:4 mixture of 30% H,0O; and
H,SO4 to remove any impurities and organic materials from the glass surface. The
coverslips were then rinsed twice in isopropanol and dried under an ultra high purity
nitrogen stream. The coverslips were then submerged in a collagen/poly-1-lysine mixture

for at least an hour. The cell adhesion mixture was prepared from 1:25:50 collagen to
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30% EtOH to poly-L-lysine (0.1mg/mL). The coverslips were then allowed to air-dry
overnight in a sterile environment. Before plating, the coverslips were submerged in a

balanced salt HEPES solution for at least 15 minutes to equilibrate the pH to 7.4.

Fluorescence Setup

Cells attached to coverslips were placed in a 2 puM FM 1-43 solution and were
stimulated through a borosilicate stimulation pipette pulled to ~10 pm diameter through a
Sutter CO; laser puller. Stimulation pipettes were filled with elevated K solution and
placed ~ 150 pm from adherent cells using Narishige micromanipulators. Nanoliter
volumes of elevated K solution were released through a General Valve picospritzer® III
(pressure 5 psi and pulse duration 3 s) calibrated with mineral oil.

Exocytosis control experiments were conducted with 2 mM EDTA in isotonic
solution. ADVASEP-7 (B-cyclodextrin derivative a generous gift from Dr. Alan Kay, Ul
Department of Biology) was added to stimulated cells approximately Smin after the

stimulation sequence was collected to enhance FM 1-43 fluorescence.

Fluorescence Hardware
All images were acquired with an Olympus IX71 inverted fluorescence
microscope through a FITC channel (exc. 510 / em 525 nm). The microscope is equipped
with an ORCA camera. Images were collected at 2x2 binning at 12.5% output intensity.
Exposure time was 15 ms and gain was zero. Images were collected as image sequences
with a 1 s interval and were analyzed through WASABI (Hamamatsu software) and

Image] (NIH software).

Safety
Piranha etching is a dangerous procedure and needs to be conducted with the

highest precaution and full personal protective wear.
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Results and Discussion

Loading of FM 1-43 in undifferentiated (0 day NGF
treatment) PC12 cells

PC12 cells are a well-established model neuronal cell line that has shown
exocytotic release in both the undifferentiated and differentiated phenotype states
(Kishimoto et al., 2005; Liu et al., 2005; Westerink et al., 2000; Zerby and Ewing, 1996).
It has previously been electrochemically established that differentiated (NGF- treated)
PC12 cells release mostly from varicosities (swelling along neurites) and less from the
cell body, (Zerby and Ewing, 1996) while undifferentiated cells release only from the cell
body. It is not known however, if there is a difference in release patterns between cells
that have been allowed to differentiate at varying times. We have utilized an FM 1-43
fluorescence assay to study differences in exocytotic release patterns in undifferentiated
and differentiated cells. In most studies FM 1-43 has first been loaded into the cells/tissue
by placing them in elevated K" solution, which induces bulk stimulation. The cells/tissue
are then re-stimulated and the decrease in fluorescence intensity is observed. We have
chosen to monitor the loading of FM 1-43 into PC12 cells, because the separation
between photobleaching and de-loading of the dye is analytically more difficult (both
appear as a decrease in dye fluorescence). Our FM 1-43 loading set up also affords single
cell stimulation as opposed to bulk stimulation, allowing for discrimination of individual
cell behavior.

Upon stimulation with 100 mM K isotonic solution undifferentiated PC12 cells
display a fully homogeneous cellular fluorescence distribution. The fluorescence image
in figure 54a shows that the initial cell fluorescence before cell stimulation is confined
only to the outer cell membrane. The fluorescence image in figure 54c displays the same
cells after K stimulation and the intracellular fluorescence increase is clearly observed.

The resulting fluorescence after stimulation is 2.71 times larger than initial fluorescence
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intensity — see filled circles ® curve in figure 55 (intensity values were normalized to first
value). This substantial increase corresponds to a large-scale exocytosis occurring in
PC12 cells, which can be explained by both large and small dense core vesicle fusion, as
previously seen in literature (Westerink et al., 2000). As previously mentioned the
loading of FM 1-43 into PC12 cells revealed through the large scale fluorescence
intensity increase is unequivocal, as compared to the de-loading of the dye where
fluorescence intensity changes are more subtle and entwined with photobleaching effects.
To determine whether this fluorescence intensity increase is truly due to Ca**-dependent
vesicular exocytosis through elevated K stimulation and not from other non-exocytic
pathways, the dye solution is prepared in 2 mM EDTA and the stimulation experiments

are repeated.

Loading of FM 1-43 in undifferentiated PC12 cells in the
presence of EDTA

The EDTA/isotonic solution is a classical control for verifying exocytosis,
specifically by chelating available Ca®" ions required for vesicle fusion. The open circles
in the figure 55 graph represent undifferentiated cell stimulation through elevated K in
the presence of 2 mM EDTA. Fluorescence intensity does not increase as in filled circles
e curve; in fact it decreases by 14.85 +1.0%. This slow decrease is due to photobleaching
effects from continuous illumination during data collection (50 images at 1 s interval). In
the absence of an extracellular Ca®" source, K stimulation of PC12 cells does not induce
vesicular exocytosis, therefore FM 1-43 does not enter the cell and an increase in
fluorescence intensity is not observed as in the stimulated cells in the absence of EDTA.
In addition, when stimulation is performed with elevated Na" isotonic solution instead of
K", the same results are obtained. These results exclude the possibility that the observed
increase in fluorescence intensity is due to any mechanical force exerted on the cell by

fluid movement causing a temporary membrane disruption and a different way for FM 1-
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43 to enter the cell.

ADVASEP-7 addition to non-stimulated undifferentiated
cells
In our fluorescence assays we have utilized ADVASEP-7 (100 nM), a -
cyclodextrin derivative that acts as a chelating agent for FM 1-43 and also increases its
fluorescence (for structure see (Kay et al., 1999)). When administered to the extracellular
medium, ADVASEP-7 sequesters unbound and outer membrane leaflet bound FM 1-43
and the complex diffuses away, which is manifested as a drop in fluorescence from
stained cells. ADVASEP-7 is not membrane permeable, so if the dye is internalized
through vesicle re-uptake, it cannot be chelated. ADVASEP-7 is first added to non-
stimulated undifferentiated cells to test whether it removes FM 1-43 from the membrane
of these cells (see graph in figure 56). The drop in fluorescence intensity for
undifferentiated cells is 80.4 £ 7.3% verifying that ADVASEP-7 removes unbound or

outer membrane bound FM 1-43, and the interference from background fluorescence.

ADVASEP-7 addition to stimulated undifferentiated cells

As previously stated, the large intracellular fluorescence increase observed for
undifferentiated cells is due to K" stimulation. EDTA control experiments however
cannot fully determine that FM 1-43 is internalized into the cells. To determine that the
observed fluorescence intensity increase during stimulation is due to FM 1-43
internalization, ADVASEP-7 is added to stimulated undifferentiated cells, approximately
5 min after the stimulation sequence is collected. The initial fluorescence intensity
increase after stimulation for undifferentiated cells is 171.1 + 42.6%, however the
subsequent fluorescence intensity drop due to ADVASEP-7 addition is only 18.2 £+ 6.2%.
Since fluorescence intensity values do not drop to baseline values, but FM 1-43
fluorescence decreases by only a fraction (0.7%) of total fluorescence (see figure 55), the

dye has been internalized through vesicle reuptake. Therefore, the intensity drop after
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ADVASEP-7 addition to stimulated cells is due to the chelation of outer membrane
bound and extracellular free dye. This conclusion is strongly supported by the graph in
figure 55, which shows the stimulation and ADVASEP-7 sequences for undifferentiated
cells in the absence (filled circles and filled triangles respectively) and presence of EDTA
(open circles and open triangles). The ADVASEP-7 addition to stimulated cells in the
presence of EDTA (open triangles) causes a drop in FM 1-43 fluorescence intensity of
89.9 + 3.6% as opposed to only 18.2 £ 6.2% for stimulated cells in the absence of EDTA.

The addition of ADVASEP-7 to stimulated cells has also enabled us to view
where the internalized FM 1-43 accumulates. The graph in figure 57 shows line profiles
for a cell before (filled circles), mid-way (open circles) and end of stimulation (open
diamonds) as well as after ADVASEP-7 addition (open squares). These line profiles
show that FM 1-43 accumulates around the nucleus, which supports previous results that
internalized fluorescent beads in Tetrahymena are transported directly to the nucleus
(Hosein et al., 2005). The beads trapped in endozomes do not linger in the cytosol, but
are moved through a direct route to the nucleus of the cell. This direct transport to the
nucleus can shorten the response time of the cell to outer stimuli and trigger immediate
signaling events and cellular changes. Our data supports this finding for stimulated PC12
cells, although the finer structure of dye accumulation around the PC12 cell nucleus is
more apparent in differentiated cell line profiles (see discussion about stimulated

differentiated cells).

Loading of FM 1-43 in NGF-treated PC12 cells
Differentiated cells display very different stimulation patterns than
undifferentiated cells. These differences are primarily associated with the amount and
spatial location of release sites. The sensitivity needed to observe the differences in
release patterns was obtained through the use of our highly resolved fluorescence

imaging setup and ADVASEP-7, which enhances intracellular fluorescence by chelating
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FM 1-43 from the outer cell membrane (Kay et al., 1999). This setup has allowed us to
observe the loading of FM 1-43 into cells with little interference from outer membrane
associated dye, translating into lower background interference and providing high spatial
resolution and sensitivity. As mentioned, stimulated undifferentiated PC12 cells exhibit a
fully homogeneous cellular fluorescence distribution, whereas fluorescence intensity
increase in cells that are allowed to differentiate for 5 days is manifested by the
appearance of discrete bright spots in both the cell body and neurites (figure 58). Even
though the fluorescence intensity increase manifested through these bright spots was even
larger than for undifferentiated cells (fluorescence intensity increased as much as 324%
for some of the bright spots and as low as 130%), it is not as massive, thus exocytosis is
more limited in differentiated cells. This may correspond to exocytosis of only a certain
type of vesicle (either large or small dense core vesicles, instead of both). Also, even
though our set up provides us with high spatial resolution, it does not allow for predicting
if these bright spots are individual vesicles or a junction of multiple vesicles (though most

of the larger and brighter spots are obviously made up of more than one vesicle).

Loading of FM 1-43 in differentiated PC12 cells in the
presence of EDTA

The stimulation of differentiated PC12 cells in the presence of EDTA is expected
to follow the same results as the stimulation of undifferentiated cells in the same
conditions since the principle is the same. Indeed, fluorescence intensity after K
stimulation in the presence of EDTA for differentiated cells decreases by 25.2 + 5.6%
due to photobleaching similar to undifferentiated cells (see graph in figure 59). EDTA
removes the extracellular Ca*" source and inhibits K stimulation of vesicular exocytosis
in differentiated PC12 cells, thus FM 1-43 internalization is not observed. The decrease
in fluorescence intensity from differentiated cells is statistically the same as the decrease

in undifferentiated cells.
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ADVASEP-7 addition to non-stimulated differentiated cells
The same ADVASEP-7 addition to non-stimulated undifferentiated cells is
performed with differentiated cells (see figure 56). The drop in fluorescence intensity
levels after ADVASEP-7 addition to the non-stimulated differentiated cells is 90.7 £
4.8%, verifying that free floating and outer membrane bound FM 1-43 is chelated. The
fluorescence intensity drop for non-stimulated differentiated cells is similar to that for

undifferentiated cells.

ADVASEP-7 addition to stimulated differentiated cells

The fluorescence intensity drop after ADVASEP-7 addition to stimulated
differentiated cells in the absence of EDTA is calculated after the appearance of the
bright spots, which become visible only after the removal of membrane bound FM 1-43
and the bulk fluorescence. Therefore the time frame of this sequence is approximately
half of the same ADVASEP-7 addition sequence to stimulated undifferentiated cells. The
drop in fluorescence for the ADVASEP-7 addition to stimulated differentiated cells in the
absence of EDTA is 57.8 £+ 28.5% (see figure 59 — open circle). The addition of
ADVASEP-7 to stimulated differentiated cells has been crucial to uncovering the
appearance of these bright spots. As ADVASEP-7 removes FM 1-43 bound to the
membrane, the bright spots begin to appear and their movement within the cell can be
observed.

ADVASEP-7 addition to stimulated differentiated cells in the presence of EDTA
indicates that stimulated differentiated cells do not internalize the dye, as fluorescence
intensity drops by 93.5 + 6.4% (figure 59 — open squares). Therefore the dye pathway of
entry into the cells (be they undifferentiated or differentiated) is through Ca*"-dependent
vesicular fusion, since the dye does not become internalized in the presence of EDTA.

ADVASEP-7 removal of FM 1-43 from stimulated differentiated cells provides a

clearer picture not only of vesicular release, but also of the dye accumulation in the cell
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as mentioned earlier. The line profile in figure 60 shows the fluorescence intensity of a
stimulated differentiated cell as a function of the distance across the cell body (through
the nucleus). The low region of fluorescence intensity corresponds to the nucleus area.
The highest and most concentrated fluorescence intensity is around the nucleus indicating
that FM 1-43 is clustered around the nucleus, supporting recent findings. Once again this
quick transport of the endozome contents directly to the nucleus could be vital to how a
cell responds and adapts to its surrounding environment.

Our most important finding is the difference in release patterns between cells that
are allowed to differentiate for varying amounts of time (no treatment, 5 day and 14 day
NGF treatment). Undifferentiated cells undergo a massive whole cell exocytotic release
manifested in large-scale fluorescence increase. Cells that have been differentiated for 5
days release less than undifferentiated cells, mostly from the cell body and less from
neurites. The fluorescence intensity increase is observed as the appearance of discrete
bright spots, instead of whole cell fluorescence increase. This indicates that as the cells
start to differentiate into a different phenotype, the exocytotic release lessens. This
becomes even more evident with cells that are allowed a longer differentiation time (14
days). They release mostly around the cell body and much less in neurites even compared
to cells that have differentiated for 5 days (see images in figure 61b and 61c¢). It is not
very apparent from these experiments as to why the cells that have been allowed to
differentiate longer release less and why release is spatially dependent. It is clear however

that these cells express a different phenotype than undifferentiated cells.

Conclusion
Undifferentiated and differentiated PC12 cell exocytotic release patterns are
compared and differences in the amount and spatial location of the release sights are
found. Understanding the molecular basis of NGF interaction with PC12 cells to bring

about these differences in phenotype expression can lead to increased insight about the
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process of differentiation and provide a more accurate manipulation of the mechanism of

differentiation itself.
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Figure 54. Fluorescence images of undifferentiated PC12 cells bathed in 2 puM FM 1-
43/isotonic extracellular solution

Note: (A) undifferentiated cells before elevated K stimulation. (B) same undifferentiated
cells after elevated K stimulation sequence is collected (50s). (C) same undifferentiated
cells after ADVASEP-7 addition to the extracellular medium. Scale bar is 10 pum and
intensity scale is 10 to 3900.
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Figure 55. Normalized fluorescence vs. time validating exocytosis via EDTA/Ca®"
chelation control experiments in undifferentiated cells

Note: Filled circles - normahzed FM 1-43 fluorescence intensity as a function of time
during and after elevated K" stimulation of undifferentiated cells. Filled triangles -
normalized FM 1-43 fluorescence 1nten51ty as a function of time after ADVASEP-7
addition (5 min after the elevated K stimulation sequence was collected) Open circles -
normalized FM 1-43 fluorescence intensity during and after elevated K stimulation of
undifferentiated cells in the presence of EDTA. Open triangles - normalized FM 1-43
fluorescence intensity as a function of time after ADVASEP-7 addltlon to stimulated
undifferentiated in EDTA solution. Horizontal bar — time of K" stimulation, vertical bar
— ADVASEP-7 addition to stimulated cells (n = 12).
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Figure 56. Normalized fluorescence vs. time for ADVASEP-7 addition to non-stimulated
undifferentiated and differentiated cells

Note: Dotted circles - normalized fluorescence intensity as a function of time after
ADVASEP addition to non-stimulated undifferentiated cells. (n = 10) Dotted squares -
normalized fluorescence intensity as a function of time after ADVASEP addition to non-
stimulated differentiated cells (n = 5). Vertical bar — ADVASEP-7 addition.
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Figure 57. Fluorescence intensity line profiles of cell 3 (bottom cell) in figure 54

Note: Closed circles - fluorescence intensity as a function of distance before elevated K
stimulation of an undifferentiated PC12 cell. Open circles - fluorescence intensity as a
function of distance mid-way through elevated K" stimulation of the same cell. Closed
squares - fluorescence intensity as a function of distance at the end of elevated K"
stimulation. Open scquares - fluorescence intensity as a function of distance after
ADVASEP-7 was added to the previously stimulated cell. Line profiles were analyzed
through Imagel.
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Figure 58. FM 1-43 fluorescence of a cell treated with 20 ng/mL NGF followed by
plating for 5 days

Note: ADVASEP-7 addition to a stimulated differentiated cell allows the appearance of
brightly fluorescent spots in the cell body and neurites. Scale bar is 10 pm and intensity
bar is 100 — 2800). Line across cell was used to extract a cell line profile (see figure 60).
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Figure 59. Normahzed fluorescence intensity vs. time validating exocytosis via
EDTA/Ca®" chelation control experiments in differentiated cells

Note: Filled circles - normahzed FM 1-43 fluorescence intensity as a function of time
during and after elevated K" stimulation of differentiated cells. Filled squares -
normalized FM 1-43 fluorescence 1nten51ty as a function of time after ADVASEP-7
addition (5 min after the elevated K stimulation sequence was collected) Open circles -
normalized FM 1-43 fluorescence intensity during and after elevated K stimulation of
differentiated cells in the presence of EDTA. Open squares - normalized FM 1-43
fluorescence intensity as a function of time after ADVASEP- 7 addition to stimulated
differentiated in EDTA solution. Horizontal bar — time of K stimulation, vertical bar —
ADVASEP-7 addition to stimulated cells (n = 5).
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Figure 60. Fluorescence intensity line profile for the differentiated cell in figure 58

Note: The addition of ADVASEP-7 to a stimulated differentiated cell provides the ability
to view finer structures due to removal of background fluorescence. Line profile was
analyzed through Imagel.
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Figure 61. Fluorescence imagess showing spatial differences in exocytosis sites in PC12
cells as a function of their degree of differentiation caused by NGF incubation

Note: (A) Non-differentiated, (B) primed for 5 days followed by 5 day plating, and (C)
primed for 5 days followed by 2 weeks plating. Scale bars are 10 um and intensity bars
are 5 to 3910.
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CHAPTER VIII.
SUMMARY AND FUTURE DIRECTIONS

The main goal of this research was to characterize vesicular zinc behavior during
stimulation using zinc-selective fluorescent probes. The current working hypothesis in
the field is that zinc is fully released upon cell stimulation and is free to diffuse in the
synaptic cleft. After being released in the extracellular space, zinc is then able to bind to
receptors on the post-synaptic membrane and modulating the post-synaptic cell response
to the neurotransmitter glutamate. This hypothesis is built upon the fact that zinc is found
in very high concentrations (greater than 300 uM) in certain synaptic vesicles that contain
the neurotransmitter glutamate. This zinc is called chelatable zinc, since it can be
visualized via zinc-selective fluorescent probes and histochemical methods. Exogenously
applied zinc is also found to modulate many different ion channels and receptors in both
the pre- and post-synaptic cells. To better understand the dynamics of zinc release from
synaptic vesicles, we utilized zinc-selective fluorescent probes (which become
fluorescent only upon zinc binding) to visualize the hypothesized zinc release.

We chose to study the hippocampus, although there are other areas of the brain
that contain large concentrations of zinc in the synaptic vesicles, because the
hippocampus contains a beautiful separation between the cell body and the synaptic
terminal layers. This demarcation of layers allows us to study the synaptic zinc
unhindered by fluorescence artifacts that can arise from the cell body layer. We also
chose to use fluorescence imaging, because it provides a visualization tool for detecting
synaptic zinc. Electrical recordings are not able to provide an image of whether zinc is
being released or not. Other methods used to determine zinc release such as atomic
absorption spectroscopy also fall short in establishing topographically if zinc is released

and where it translocates after its release.
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Stimulation of slices loaded with zinc-probes causes a large and persistent
increase upon vesicle fusion and does not dissipate with continuous washing as would be
expected if zinc were being released. This result suggests that zinc is being “externalized”
while it still remains bound to a molecule or protein in the synaptic membrane in the form
of a ternary complex. Experiments were also conducted to understand whether the
increase in fluorescence is due to pH effects on the fluorescent probes. Part of the
increase in fluorescence comes from pH effects, but a change in quantum yield induced
by a pH increase is not enough to explain all the increase in fluorescence observed upon
stimulation. pH effects on the fluorescent probes also do not explain why the
fluorescence does not fall below control slices as would be expected if zinc were being
released in the extracellular space.

Experiments conducted with extracellular zinc applications revealed that
concentrations of zinc higher than about 6 uM lead to zinc-phosphate precipitate
formation. The addition of an amino acid such as histidine facilitates zinc uptake by
increasing zinc solubility in the extracellular space. The formation of zinc-phosphate
precipitates also suggest that zinc may not be freely released upon stimulation as the local
concentration of zinc after release would be large (certainly greater than the threshold we
found for precipitate formation) and would cause zinc-phosphate precipitation to occur.

We used fluorescent probes to study zinc buffering and uptake in hippocampal
slices. In these slices, the separation between the cell body layer and the synaptic terminal
layer is very clear and zinc influxes in the cytoplasm and synaptic vesicles could be
followed without interference. We found that exogenously applied zinc in the presence of
a zinc ionophore, induces a large and persistent increase in fluorescence signal indicating
that zinc is transported to vesicles or cellular compartments. No transient elevations in
fluorescence were found, which indicate that zinc is very tightly buffered in the

cytoplasm. From our data, there is no clear indication of how zinc passes from the
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cytoplasm into vesicles or cellular compartments. It is possible that zinc is immediately
bound to metalloproteins such as MT upon crossing the cell membrane.

This work also presents evidence to refute the zinc release hypothesis and
provides support for the zinc externalization hypothesis, which states that zinc is
externalized as a ternary complex with a synaptic membrane protein or molecule, but is
not fully released during synaptic transmission. This conclusion is controversial in the
field of synaptic zinc, which holds tightly to the zinc release hypothesis. Externalized
zinc presents a challenge to the long held view of zinc release, since it suggests that the
role of zinc as neuromodulator needs to be revisited. The fact that zinc is being
externalized does not completely refute the idea that zinc is playing a modulatory role
during synaptic transmission. Externalized zinc can form a ternary complex with
molecules in the synaptic cleft and become internalized, triggering a signaling cascade.
We do not exclude the possibility that zinc can move from the pre- to the post-synaptic
site, but more slowly than in the unconstrained diffusion model. Nonetheless, work done
under the assumption that zinc release hypothesis is true would need to be re-interpreted
to allow for the possibility that zinc might just be externalized. How tightly the putative
membrane protein hangs onto zinc may be modulated, so in one extreme it may retain it
and in the other it may allow zinc to move off relatively freely. More work needs to be
done to address the question on whether zinc is sometimes fully released and other times
only externalized. Additional work also needs to be done to determine what type of
protein or molecule is able to bind zinc inside the synaptic vesicles prohibiting its full
release upon vesicle fusion. An additional result that requires further observation is the
removal of the zinc veneer and its impact upon synaptic stimulation. It has been known
for sometime that the neuronal cell accumulates zinc on the extracellular surface of its
membrane, however the role of this zinc is also not well known. Experiments tailored

towards understanding the relationship between stripping of zinc veneer and synaptic
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release could lead to larger insight into the role of zinc veneer and what the relationship

between the zinc veneer and synaptic zinc is.
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