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University of Washington
Abstract

Elimination of Zinc from Synaptic Vesicles
in the Intact Mouse Brain by Targeted Disruption of ZnT3

Toby B. Cole

Chairperson of the Supervisory Committee:
Professor Richard D. Palmiter
Department of Biochemistry

This dissertation demonstrates that zinc is taken up into synaptic vesicles by a mechanism
that requires the zinc transporter, ZnT3, at the vesicle membrane and begins to address
the physiological importance of synaptic vesicle zinc. /n situ hybridization and
immunohistochemistry showed that ZnT3 expression is limited to zinc-containing
neurons in the brain, and that ZnT3 protein resides on the membranes of zinc-rich
synaptic vesicles in mouse, monkey, and human brain. A genetic approach was used to
test whether ZnT3 was essential for vesicular zinc transport, by generating mice that were
homozygous for a null mutation in the Zn73 gene. Histochemically-reactive zinc (i.e.,
zinc accessible to Timm and TSQ staining reagents) was undetectable in synaptic vesicles
in the brains of these ZnT3-deficient mice, indicating that ZnT3 is required for vesicular
zinc transport. Upon neuronal activation vesicular zinc is released into the synaptic cleft,
where it has been proposed to modulate excitatory and inhibitory neurotransmitter
receptors. In addition, synaptically-released zinc has been widely considered to be the
source of the zinc that may kill neurons following seizures or ischemic insults. To assess
the physiological importance of synaptic vesicle zinc, ZnT3-deficient mice were tested
for deficits in sensorimotor functions, learning and memory, sensitivity to seizure-
inducing drugs, and neuronal damage. Most of these functions were remarkably normal
in the absence of vesicular zinc. ZnT3-deficient mice were more susceptible than wild-
type mice to kainic acid-induced seizures, demonstrating that zinc has a net inhibitory

effect on seizures. Despite the lack of histochemically reactive zinc in synaptic vesicles



in the ZnT3-deficient brain, zinc accumulated in the cytosol of postsynaptic neurons
following seizures, and this zinc accumulation was associated with extensive neuronal
death. Thus, the histochemically reactive zinc found in synaptic vesicles is not the major

source of toxic zinc accumulation following seizures.
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INTRODUCTION

L Vesicular zinc

Zinc is an abundant element in the brain (150-200 uM in grey matter; Frederickson,
1989). In the mammalian brain, 10 to 20% of this zinc is sequestered in synaptic vesicles
along with glutamate (Frederickson and Danscher, 1990). In contrast to metabolic zinc
that is tightly bound to proteins, this vesicular zinc is free or relatively weakly bound, and
is thus accessible to histochemical staining reagents like the Timm or selenium
autometallographic stains (Danscher, 1982; Danscher et al., 1985), or to the zinc-
selective fluorescent dyes TSQ (Frederickson et al., 1987) or TFL-Zn (Budde et al.,
1997). These stains also detect histochemically reactive zinc in the pancreas (Maske
1957; Zalewski 1994), salivary gland (Frederickson et al., 1987), pituitary gland
(Thorlacius-Ussing 1987), and testis (Vera-Gil, 1991).

Neurons that contain histochemically reactive zinc in synaptic vesicles have been
termed “zinc-containing”, and with the exception of some terminals in the spinal cord (Jo
et al., 2000b), represent a subset of glutamatergic (i.e., excitatory) neurons (Frederickson,
1989). Zinc-containing neurons are found in the dorsal and ventral horns of the spinal
cord and a number of brain regions, including the hippocampus, amygdala, entorhinal
cortex, caudate putamen, neocortex, pyriform cortex, olfactory bulb, and cochlear
nucleus (See Fig. 1) (Frederickson, 1989; Frederickson and Danscher, 1990; Jo et al.,
2000a-c). Zinc staining is especially prominent in the hippocampal formation. where
zinc-containing projections are found throughout the primary excitatory circuitry,
including (¥) perforant path projections from the entorhinal cortex to the outer molecular
layer of the dentate gyrus, (if) mossy fiber (MF) projections from granule cells in the
dentate gyrus to hilar neurons and pyramidal cells in the CA3 region, (iii) Schaffer
collateral projections from CA3 pyramidal neurons to pyramidal neurons in the CAl
region, and (iv) projections from CAl to subiculum (Figs. 1, 2 A)(Slomianka, 1992;
Frederickson, 1989).
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Figure 1. Zinc-rich regions of the brain.

(A-D) Different regions of the mouse brain, stained with the Timm stain for vesicular
zinc (black staining) and counterstained with cresyl violet (purple staining). (A) Sagittal
section illustrating Timm stain in the hippocampus (HPC), neocortex (NCx), caudate
putamen (CPu), stria terminalis (st), bed nucleus of the stria terminalis (BST), olfactory
tubercle (OT), accessory olfactory bulb (AO), and olfactory bulb (OB). (B) Coronal
section through the hippocampus. Staining is evident in projection fields throughout the
primary excitatory circuitry, including the outer molecular layer (oml) of the dentate
gyrus (DG), the hilus (hi), mossy fibers (mf) projecting to stratum (s.) lucidum and s.
oriens of the CA3 subregion, and Schaffer collaterals projecting to s. oriens and s.
radiatum of subregion CA1l. This section was stained for a long time (90 min) in order to
illustrate Timm stain in the oml. (C) Coronal section through the cochlear nucleus,
illustrating Timm stain in the dorsal (DCN) but not ventral (VCN) nucleus. Cb =
cerebellum. (D) Coronal section through the olfactory bulb. AOB, accessory olfactory
bulb; Gl, glomerular layer; Pl, plexiform layer; Gr, granular layer. Arrows point to
regions reactive with Timm stain. Scale bars: 1000 um (A); 500 um (B-D).
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The function of vesicular zinc is not well understood. Zinc may facilitate storage

of glutamate or macromolecules within synaptic vesicles (Frederickson, 1989), in a
manner analogous to its role in the storage of insulin in pancreatic p cells (Epand et al.,
1985) or NGF in the salivary gland (Pattison and Dunn, 1976). Altemnatively, zinc could
serve extracellular functions as a neuromodulator upon its release into the synaptic cleft.

Several lines of evidence suggest that the histochemically reactive pool of synaptic
vesicle zinc is released into the synaptic cleft upon neuronal activation. Activation of
neurons either in vivo or in live hippocampal slices depletes histochemically reactive zinc
from mossy fiber terminals in the hippocampus (Sloviter, 1986; Frederickson et al., 1988:
Budde et al., 1997). In hippocampal slices, zinc is released into the extracellular space
upon neuronal excitation produced by addition of K" or kainic acid, or by direct electrical
stimulation of the mossy fiber bundle (Assaf and Chung, 1984; Howell et al., 1984). In
rats, electrical stimulation of the perforant path or addition of K” through a push-pull
cannula evoked significant release of zinc (100-300 uM; 200 times higher than normal
CSF zinc concentrations) in the CA3 region of the hippocampus, and release was
dependent on intact mossy fibers (Charton et al., 1985; Aniksztejn et al., 1987). Taken
together, these observations suggest that neuronal activation releases zinc into the
synaptic cleft by exocytosis of the zinc-rich synaptic vesicles.

Upon release, zinc could modulate the activity of multiple ligand- and voltage-gated
ion channels (Fig. 2 B; reviewed in Harrison and Gibbons, 1994; Smart et al., 1994).
Potential roles for synaptically-released zinc include inhibition of NMDA receptors
(Peters et al., 1987; Westbrook and Mayer, 1987; Christine and Choi, 1990), potentiation
of AMPA receptor responses (Rassendren et al., 1990), and antagonism of voltage-gated
calcium channels (Winegar and Lansman, 1990). If zinc can diffuse away from its site of
release, it could affect inhibitory (GABAergic) terminals as well (Fig. 2 B). Zinc inhibits
GABAA receptors that lack y subunits (Westbrook and Mayer, 1987; Draguhn et al.,
1990; Legendre and Westbrook, 1991; Celentano et al., 1991; Smartet al., 1991). In
hippocampal slices, zinc application causes giant depolarizing potentials that are

probably due to zinc-induced synchronization of GABA release (Xie and Smart, 1991).



Figure 2. Hippocampal circuitry and potential zinc effects.

(A) Simplified diagram of the hippocampal circuitry, illustrating some of the major
excitatory zincergic neuronal pathways (circles represent cell bodies and triangles
represent terminals). The neurons diagrammed in white contain both zinc and
glutamate in their terminals, and represent the primary excitatory pathway
through the hippocampus. Perforant path projections (pp) extend from the
entorhinal cortex (ECx) to make contacts with dendrites of dentate granule cells
(DG) and CA3 pyramidal cells. In turn, dentate granule cells extend zinc-rich
mossy fiber projections to the CA3 region, where they form synaptic contacts
with inhibitory interneurons (diagrammed in black) and with dendrites of
excitatory CA3 pyramidal cells. CA3 pyramidal cells extend axons back across
the pyramidal cell layer, where they form Schaffer Collaterals (sc) that make
contacts with dendrites of CAl pyramidal cells, and Commissural / Associational
fibers (ca) that make contacts with the dendrites of other CA3 pyramidal cells.
CA pyramidal cells project to the subiculum (Sub). CA3 pyramidal cells and the
inhibitory interneurons that contact them are the major targets of the zinc-rich
mossy fibers. In addition, CA3 pyramidal cells receive excitatory, zincergic
inputs from the perforant path and commissural / associational fibers. CA3 and
CA1 pyramidal cells are especially prone to seizure- and ischemia-related
neuronal damage.

(B) Potential zinc effects in the CA3 region of the hippocampus. A CA3 pyramidal
cell dendrite or dendritic spine is depicted in the center, receiving inputs from
mossy fiber (MF), commissural / associational (CA), and inhibitory terminals.
Zinc is presumably released along with glutamate from MF, CA, and perforant
path terminals. Upon release, it may have inhibitory (-) or potentiating (+) effects
on various neurotransmitter receptors, including ionotropic glutamate receptors
(KA, AMPA, and NMDA receptors) on the CA3 pyramidal cell or, with diffusion
away from the release site, pre- or post-synaptic GABA or KA receptors at
inhibitory terminals. After seizures, zinc may also enter post-synaptic neurons
through AMPA or NMDA channels following seizures, where it may be toxic.
ZnT3, as demonstrated in this dissertation, resides on synaptic vesicles and is
required for accumulation of histochemically reactive zinc.
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Such neuromodulatory effects of zinc have been thought to be important for
appropriate function of the brain regions where zinc-containing neurons are present.
Because zinc-containing neurons are prevalent throughout the limbic system and zinc is
capable of exerting neuromodulatory effects on both glutamate receptors and GABA
receptors in vitro, synaptically-released zinc has been considered to play an important
role in memory formation, as well as in the control of limbic seizures. Likewise, the
presence of histochemically reactive zinc in the striatum, olfactory bulb, cochlear
nucleus, and spinal cord suggested that the neuromodulatory effects of zinc are important
for motor coordination, olfaction, processing of auditory stimuli, and nociception,
respectively. With respect to seizures, zinc is capable of exerting effects in vitro that
could either inhibit or promote neuronal excitability, suggesting the possibility of both
pro- and anti-convulsant effects. Many studies have attempted to determine which of
these effects predominate in vivo in the initiation or propagation of seizures. Some of
these studies suggest that the net neuromodulatory effect of zinc in vivo is to exacerbate
seizures, whereas others support a net inhibitory effect of zinc on neuronal excitability
(see Appendix D).

In addition to modulating neuronal transmission, zinc may contribute to neuronal
injury. Zinc can bind with high affinity to the amyloid B protein and promote its
aggregation, suggesting that it may contribute to the neuronal death associated with
Alzheimer’s disease (Bush et al, 1994). Zinc can also be toxic to neurons (Choi and Koh,
1998). The translocation of zinc from presynaptic terminals to postsynaptic cell bodies
has been suggested to be responsible for much of the neuronal degeneration seen after
prolonged seizures (Sloviter, 1985; Frederickson et al., 1989), ischemia (Tonder et al..

1990; Koh et al., 1996), or trauma (Suh et al., 2000).

IL. Zinc transporters and metal homeostasis in the brain
Prior to the work described in this dissertation, the mechanism by which zinc
accumulates in synaptic vesicles was not known. Indeed, despite tight regulation of zinc

levels in mammalian cells, only recently have the mechanisms controlling zinc



homeostasis begun to be worked out. Neurons, like other mammalian cells. are likely to
control zinc concentrations by influx and efflux across the plasma membrane,
sequestration of zinc in intracellular compartments, and binding of zinc in the cytosol. In
the past decade, some of the proteins involved in these processes have been identified,
allowing investigators to begin to address their more precise functions in specific tissues.

Among these proteins are the metallothioneins (MTs), a family of small, cysteine-rich
proteins that serve to detoxify or regulate the availability of zinc and other metal ions by
high affinity binding (Kdji, 1993; Bremner, 1993). Four MT isoforms have been
identified in the mouse. MT-I and MT-[I are coordinately and ubiquitously expressed
(Kiji , 1993), whereas MT-III expression is limited td the CNS (Palmiter et al., 1992) and
MT-IV is expressed in stratified squamous epithelia (Quaife et al., 1994). In the brain,
MT-III is expressed in zinc-containing neurons, where it may aid in distributing or
buffering zinc in the cytosol, or recycling zinc from the synapse back into synaptic
vesicles (Fig. 2 B; Masters et al., 1994; Erickson et al., 1997). MT-[Il-deficient mice had
decreased concentrations of zinc in the brain and displayed greater susceptibility to
seizure-related neuronal damage, suggesting a neuroprotective role for MT3 that may be
related to to its ability to bind zinc (Erickson et al., 1997).

In addition, membrane-bound zinc transporters of the ZnT and ZIP families have
recently been identified (Eng et al., 1998; Huang and Gitschier, 1997; Palmiter and
Findley, 1995; Palmiter et al., 1996; Appendix A). Zrt/Irt-related protein (ZIP)
transporters are involved in zinc uptake into cells (Eng et al., 1998; Gaither and Eide,
2000), and ZnT transporters appear to be involved in efflux of zinc either across the
plasma membrane (Palmiter and Findley, 1995) or into vesicular compartments (Palmiter
et al., 1996; Murgia et al., 1999). Like the yeast transporters ZRC1 (Kamizono et al.,
1989; Conklin et al., 1994) and COT1 (Conklin et al., 1992; Conklin et al., 1994), the
four members of the ZnT family of metal transporters are predicted to have six membrane
spanning domains, a histidine rich cytoplasmic loop, and a long C-terminal tail, with both
the amino and carboxy termini predicted to lie on the cytoplasmic side of the membrane

(for ZnT3, see Fig. 3)(reviewed in McMahon and Cousins, 1998). The mechanisms by
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Figure 3. Predicted transmembrane structure of ZnT3.

Predicted amino acid sequence is depicted according to insertion topology within the
membrane bilayer, following the “positive inside” rule of von Heijne (1994). Like
the other members of the ZnT family, ZnT3 has 6 membrane-spanning domains
(boxes), with both the amino and carboxy termini on the cytoplasmic side of the
membrane. Asterisks mark histidines that may bind zinc in the cytoplasmic loop.



which these proteins transport zinc across membranes is not known. The cytoplasmic
loop between the fourth and fifth transmembrane domains contains variable numbers of
histidines which, in the case of ZnT1 (our unpublished data) and ZnT4 (Murgia et al.,
1999), are capable of binding zinc. In transfected baby hamster kidney (BHK) cells,
ZnT]1 spans the plasma membrane, where it protects against zinc toxicity by effluxing
zinc (Palmiter and Findley 1995), whereas ZnT2 and ZnT4 protect against zinc toxicity
by transporting zinc into vesicles (Palmiter et al., 1996; Huang and Gitschier, 1997;
Murgia et al., 1999). ZnTl, ZnT3, and ZnT4 are expressed in the brain (Appendix A;
Murgia et al., 1999). ZnT]1 is expressed ubiquitously (Appendix A), and is induced in the
hippocampus following ischemic insult (Tsuda et al., 1997). ZnT4, in addition to its
expression in peripheral tissues (Huang and Gitschier, 1997, Murgia et al., 1999), is
expressed in zinc-containing neurons in the hippocampus (J. Gitschier, unpublished data).
However, histochemically reactive zinc in the brains of lethal milk (LM) mice, which
have a spontaneous mutation in Zn7T+4 (Huang and Gitschier, 1997), is unaffected (our
unpublished data).

The work presented in this dissertation was aimed at determining the function of the
putative zinc transporter, ZnT3. ZnT3 was cloned from a mouse brain cDNA library on
the basis of its homology to Zn72 (Palmiter et al., 1996; Appendix A). In contrast to
ZnT]I and ZnT2, expressing ZnT3 in BHK cells resulted in no obvious phenotype related
to metal homeostasis. Similarly, while ZnT1 resides on the plasma membrane and ZnT2
and ZnT4 reside on vesicle membranes (Palmiter et al., 1996; Murgia et al., 1999), the
subcellular localization of ZnT3 was not known. This dissertation demonstrates that
ZnT3 expression is limited to zinc-containing neurons in the brain and spinal cord. ZnT3
is shown to reside on the membranes of zinc-rich synaptic vesicles, and targeted
disruption of ZnT3 in mice is used to demonstrate that ZnT3 is required for the transport
of zinc into synaptic vesicles. The lack of histochemically reactive zinc in synaptic
vesicles in these mice allowed us to begin to elucidate the roles that synaptically-released

zinc plays in the CNS.



RESULTS
L. ZnT3 is localized to the projections of zinc-containing neurons
A. ZnT3 is expressed in zinc-containing neurons

RT-PCR, in situ hybridization, western blotting, and immunohistochemistry were
used to determine the expression pattern of ZnT3 (Appendix A). To determine where
ZnTl, ZnT2, and ZnT3 are expressed in vivo, total RNA from various mouse organs was
isolated then subjected to reverse transcription followed by PCR. ZnT1 mRNA was
present in all tissues tested, whereas ZnT2 and ZnT3 showed a more restricted
distribution, with ZnT3 mRNA present only in the brain and testis (Appendix A, Fig. 3).
In situ hybridization with antisense RINA probes for mouse ZnT3 was used to determine
which cells in brain and testis express ZnT3. In the testis, hybridization was confined to
germ cells, primarily pachytene spermatocytes and round spermatids. In the brain,
hybridization was evident in the hippocampal formation, pyriform cortex, amygdala,
paraventricular thalamic nucleus, zona inserta, and several layers of the neocortex (Fig.
4A). Within the hippocampus, hybridization was evident in the dentate gyrus and
stratum (s.) pyramidale of subregions CA3 and CA1 (Fig. 4B). Examination of sagittal
sections of mouse brain revealed hybridization in the entorhinal cortex and cochlear
nucleus (data not shown). No specific hybridization to either brain or testis sections was
observed with a ZnT3 sense probe (data not shown).

A rabbit polyclonal antibody was raised against the C-terminal cytoplasmic tail of
mouse ZnT3 and purified by affinity chromatography. The specificity of this antibody
was assessed by Western blots of total cell proteins from BHK cells that were stably
transfected with constructs expressing ZnT1, ZnT2, or ZnT3. Only BHK cells expressing
ZnT3 reacted with this antibody, indicating that it does not react with the homologous
proteins (Appendix A, Fig. 5). An immunoreactive band of approximately the same size
(~40 kDa) was detected in brain samples, but no protein was detected in either the testis

or kidney samples (Appendix A, Fig. 5). Consistent with the absence of ZnT3
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Figure 4. ZnT3 is expressed in zinc-containing neurons.

Localization of ZnT3 mRNA, ZnT3 protein, and histochemically reactive zinc in the
brain. Coronal sections of mouse brain were subjected to in siru hybridization with a **P-
labeled probe complementary to mouse ZnT3 mRNA (A and B), immunohistochemistry
with affinity-purified antisera raised against the C-terminal tail of ZnT3 (C and D), and
Timm stain for vesicular zinc (E and F). ZnT3 colocalizes with Timm stain throughout
the brain. In the hippocampus (B,D,F), ZnT3 mRNA is present in the cell bodies of
dentate granule (DG) cells, and ZnT3 protein is abundant in the zinc-rich mossy fiber
(mf) projections emanating from these neurons. A, amygdala (lateral nucleus); H,
hippocampus; NCx, neocortex; PCx, piriform cortex; PV, paraventricular thalamic
nucleus; ZI. zona inserta; DG, dentate gyrus; hi, hilus; mf, mossy fibers. Scale bars: 1000

um (A); 200 um (B).
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immunoreactivity in the testis, polysome analysis of testis RNA separated by sucrose
fractionation revealed that ZnT3 mRNA was associated primarily with the monosome
fraction, indicating that ZnT3 mRNA in the testis is transcribed but not efficiently
translated.

When the ZnT3 antibody was applied to brain sections, the most intense staining was
observed over the mossy fiber projections emanating from granule cell neurons in the
dentate gyrus (Fig. 4D). ZnT3 immunoreactivity was also evident in the pyriform cortex.
amygdala, and neocortex (Fig. 4C). In the hippocampus, in addition to the mossy fiber
staining seen in stratum (s.) lucidum and s. oriens of the CA3 region. staining was
observed in s. oriens and s. radiatum of the CA1 region, probably representing Schaffer
collateral projections from CA3 pyramidal cells, and in the outer molecular layer of the
dentate gyrus, probably representing perforant path projections from the entorhinal cortex
(Fig. 4D). The antibody staining pattern in the brain was very similar to the
histochemical localization of zinc by the Timm reaction, which detects loosely bound
vesicular zinc (compare Fig. 4D and F). Longer development times than shown here for
the Timm reaction reveal zinc staining in the outer molecular layer of the dentate gyrus as
well. Control sections not exposed to the ZnT3 antibody showed no immunoreactivity.
Thus, ZnT3 mRNA is present in the cell bodies of zinc-containing neurons, and ZnT3
protein is present in the projections from those neurons. These observations, together
with its similarity to the vesicular zinc transporter, ZnT2, suggested that ZnT3 was

involved in the transport of zinc into synaptic vesicles.

B. ZnT3 resides on the membranes of zinc-rich synaptic vesicles

To test whether ZnT3 resides on synaptic vesicles, ZnT3 immunoreactivity was
assessed at the electron microscopic level in the mouse and monkey hippocampus
(Appendix B). In mice, ZnT3 immunoreactivity was observed in mossy fiber boutons
(MFB’s) within the hilus and the CA3 subregion (Appendix B, Figure 1D and F). The
intense ZnT3 immunoreactivity corresponded exclusively to MFB’s; synaptic vesicles of

interneurons in the same sections were not stained (Appendix B, Figure 1D). Electron
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micrographs of MFB'’s at higher magnification (Appendix B, Fig. 1F) revealed that ZnT3
immunoreactivity was localized uniformly to the membranes of spherical, clear synaptic
vesicles. ZnT3 immunoreactivity associated with round clear synaptic vesicles was
similar in both the small boutons on dendritic shafts (Appendix B, Fig. 3B) and large
boutons associated with complex spines (Appendix B, Figs. 1F and 3A). MFB’s sampled
from different locations in the hilus and the CA3 subregion showed no difference in the
pattern or intensity of ZnT3 immunoreactivity. In the outer molecular layer of the
dentate gyrus, less intense ZnT3 immunoreactivity was observed on synaptic vesicles in
some axon terminals (Appendix B, Fig. 3D). Electron microscopy of Timm-stained
hippocampal sections revealed Timm silver precipitate in regions corresponding to the
MFB’s (Appendix B, Fig. 1C). At higher magnification, it was apparent that up to 60-
80% of the synaptic vesicles of MFB’s contain silver granules (Appendix B, Fig. 1E). In
experiments in which immunocytochemical staining for ZnT3 was carried out in Timm-
stained ultrathin sections, the ZnT3-associated gold particles were found exclusively over
Timm-positive MFB’s (Appendix B, Fig. 3G). Glutamate immunoreactivity was also
evident in these MFB’s (Appendix B, Fig. 3H).

In the monkey hippocampus, patterns of ZnT3 immunoreactivity and Timm stain
were somewhat different to that seen in mice. Prominent staining for both was evident in
the inner molecular layer of the dentate gyrus, and neither ZnT3 immunoreactivity nor
Timm stain were detected in the dentate outer molecular layer (Appendix B, Fig. 2). As
in the mouse, electron microscopy revealed Timm stain and ZnT3 immunoreactivity on

clear spherical synaptic vesicles in MFB’s (Appendix B, Fig. 2C-F).

C. ZnT3 and mossy fiber sprouting in the epileptic human and mouse
hippocampus.
In the epileptic human brain and in many animal models of epilepsy, recurrent
seizures are associated with aberrantly-sprouted mossy fiber axons emanating from
dentate granule cells in the hippocampus and projecting back across the granule cell layer

into the dentate inner molecular layer (IML), where the dendritic fields of these neurons



reside (Babb et al., 1991; Franck et al., 1995; Represa et al., 1994). It is not known
whether these newly sprouted axon terminals are a cause or consequence of epilepsy, but
some evidence suggests that zinc found in these sprouted terminals might be implicated
in the establishment of epilepsy (Buhl et al., 1996). To examine whether ZnT3 in present
in these newly-formed terminals, and to determine which cells the sprouted axons
contact, we stained hippocampi from epileptic human brain (autopsy tissue provided by
D. Born) and from the brains of Kv1.1 knockout mice, which have frequent spontaneous
seizures (Smart et al., 1998), with Timm stain or ZnT3 immunohistochemistry. In the
brains of epileptic mouse (Fig. 5) and human (Fig. 6), Timm stain and ZnT3
immunoreactivity were present in the dentate IML, indicating mossy fiber sprouting
(Compare Fig. 5 A with Fig. 4 F). Ultrastructurally, ZnT3 immunoreactivity and Timm
precipitate were localized to synaptic vesicles within the newly-formed mossy fiber
boutons (MFB’s)(Fig. 5 B-E; Fig 5 C, D). In the brain of the Kvl.1 mouse, ZnT3-
immunoreactive MFB’s in the IML made contact with the dendrites and dendritic spines
of excitatory granule cells (Fig. 5 B, C) and with inhibitory basket cells (Fig. 5D). Thus,
ZnT3 colocalizes with vesicular zinc in aberrant neuronal projections associated with
epilepsy as well as in normal zinc-containing neurons. The presence of zinc in terminals
that make contact with both excitatory and inhibitory neurons could have important
implications for the propagation of seizures in epilepsy, as these contacts could form

local excitatory or inhibitory feedback loops within the dentate gyrus.
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Figure 5. ZnT3 on terminals of sprouted mossy fiber axons in the mouse.

Light (A) and electron (B-E) micrographs demonstrating Timm stain (A,E) and ZnT3
immunoreactivity (B-D) in newly sprouted axon terminals in the inner molecular layer
(IML) of the dentate gyrus of a Kv1.1 knockout mouse, which displays frequent
spontaneous seizures. In addition to the normal Timm stain seen in the hilus (H), newly
sprouted axons in the IML stain with Timm (Compare (A) with Fig. 4F). GC, Granule
cell layer. (B,C) Mossy fiber boutons (MFB) of newly sprouted axons in the IML,
making asymmetric contacts with a dendrite (D) and dendritic spines (S) of excitatory
dentate granule cells. (D) Lower power electron micrograph showing multiple MFBs
(arrows) in the IML making synaptic contacts (arrowheads) with an inhibitory basket cell
(BC). (E) Individual MFB in the IML stained with Timm, illustrating zinc within
synaptic vesicles of the new terminals.
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Figure 6. ZnT3 on terminals of sprouted axons in the epileptic human brain.

Hippocampal section from a 33 year old female patient with epilepsy. (A) Combined
Timm and cresyl violet stain. Timm stain is reduced relative to normal human brain (not
shown) in the hilus (H) and CA3 region, and is abnormally present in the dentate inner
molecular layer (IML, arrows), indicating mossy fiber sprouting. (B) ZnT3
immunoreactivity in a hippocampal section from the same patient. ZnT3
immunoreactivity is present in the hilus, CA3, and IML (arrows) in a pattern similar to
that of the Timm stain. (C) Electron micrograph from the boxed area in (A), showing
histochemically reactive zinc in synaptic vesicles of small mossy fiber boutons (MFB) in
sprouted terminals of the IML. (D) Electron micrograph of a newly sprouted MFB in the
IML. showing ZnT3 immunoreactivity on synaptic vesicles. S, dendritic spines.
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II.  ZnT3 transports zinc into synaptic vesicles

A. Targeted disruption of the murine ZnT3 gene

The hypothesis that ZnT3 is required for zinc transport into synaptic vesicles was
tested by targeted disruption of ZnT3 in mice (Appendix C). The first four exons of ZnT3
were replaced by a cassette that included nlacZ and neo” (Appendix C, Fig. 1A). This
construct was electroporated into embryonic stem cells. PCR analysis of 60 clones
revealed three that underwent homologous recombination appropriately. One of these
produced chimeras that transmitted the targeted allele through the germ line. F1
heterozygotes were generated by crossing the chimeras with C57BI/6 females. The F2
progeny from these mice, genotyped by DNA dot hybridization, Southern blot analysis
(Appendix C, Fig. 1B), or PCR, were bomn in the expected Mendelian ratio. ZnT3
protein, assessed by Western blot analysis of brain homogenates, was reduced in the
brains of mice with one copy of the mutant allele (ZnT3*" mice) and undetectable in the
brains of homozygous mutant mice (ZnT3” mice)(Appendix C, Fig. 1C).

Insertion of nlacZ into the ZnT3 locus confirmed the patterns of ZnT3 expression seen
previously by in situ hybridization, including expression in granule cells of the dentate
gyrus, pyramidal cells of the CA3 and CA1 regions, and the amygdala, neocortex, and
piriform and entorhinal cortices (Appendix C, Fig. 2). In addition, nlacZ expression was
detected in the cochlear nucleus, laminae I-IV of the dorsal horn of the spinal cord
(Appendix C, Fig. 2), and the testis (not shown), where ZnT3 mRNA is abundant but not
translated into protein. ZnT3 mRNA, isolated from the brains of wild-type embryos or
pups and quantified by solution hybridization, was negligible at birth, then increased

linearly, reaching a maximum at about 3 weeks postpartum (Appendix C, Fig. 2).

B. Vesicular zinc is eliminated from the brains of ZnT3 knockout mice
To determine whether the levels of zinc or other metals were altered upon disruption
of ZnT3, metal content was measured by plasma emission spectroscopy (Appendix C). In

the hippocampus and cortex, regions that contain abundant vesicular zinc, total zinc was
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reduced in the ZnT3™ mice by 20% (P < 0.001, Student’s t-test) and 23% (P <0.01),
respectively, whereas the cerebellum and other (primarily hypothalamus and thalamus)
regions without appreciable levels of vesicular zinc were unaffected (Appendix C, Fig.
3). Total zinc levels in the hippocampus and cortex of ZnT3™ mice were reduced by
10% (P < 0.05, Student’s t-test)(Appendix C, Fig. 3). None of the other 11 elements
tested (Al As, B, Ca, Cuy, Fe, K, Mg, Na, P, and Si) showed any change in abundance.
Ag. Ba, Cd, Co, Cr, Mn, Ni, Pb, Se, and V were below detectable levels.

To test whether vesicular zinc was altered in these mice, we used two stains for
histochemically reactive zinc, Timm stain and N-(6-Methoxy-8-quinol_vl)-p-Toluene-
Sulfonamide (TSQ) fluorescence (Appendix C). Timm stain was reduced in the brains of
ZnT3™" mice and eliminated from the brains of ZnT3™ mice, including the staining
normally seen in the hippocampus, neocortex, piriform cortex, amygdala (Appendix C,
Fig. 4), entorhinal cortex, striatum, olfactory bulb, and cochlear nucleus (not shown). In
the hippocampus, Timm stain was reduced (ZnT3*") or undetectable (ZnT37) in the
mossy fibers projecting from dentate granule neurons to the hilus and s. lucidum and s.
oriens of the CA3 region, and in projections to s. radiatum and s. oriens of the CA 1
region (Appendix C, Fig. 4). Timm stain was undetectable in the ZnT3™ brain even after
long histochemical development times (> 90 min) that normally produce intense staining
in CA1 and prominent staining in the inner and outer molecular layers of the dentate
gyrus (not shown). In contrast, Timm stain was readily detectable in the choroid plexus
(Appendix C, Fig. 4), as well as islet cells of the pancreas and convoluted tubule cells of
the submandibular salivary gland (Fig. 7). At the ultrastructural level, Timm reaction
product was present within synaptic vesicles of MFB's in the wild-type (ZnT3"'*) brain,
whereas the number of Timm-positive vesicles in ZnT3*" boutons was reduced, and no
Timm-staining was detected within synaptic vesicles of ZnT3” boutons (Appendix C,
Fig. 4 H, I, J), indicating that histochemically reactive zinc is eliminated from synaptic

vesicles in the brains of Zn73” mice.
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Figure 7. Timm stain is not perturbed in the ZnT3” pancreas or submandibular gland.

Sections were stained with Timm (black stain, arrows) and counterstained with
hematoxylin and eosin. (A) Section of pancreas from a ZnT3” mouse. The arrow points
to one of the Islets of Langerhans, comprised of beta cells that store insulin in zinc-rich
secretory granules. (B) Section of the submandibular gland of a male ZnT3” mouse,
illustrating Timm stain in secretory granules of convoluted tubule cells. Timm stain in
both of these organs was similar to that seen in wild-type mice. Scale bars: 200 um.
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C. Vesicular zinc content is determined by the abundance of ZnT3 on synaptic
vesicle membranes.

To investigate whether the amount of ZnT3 present on vesicle membranes was
reduced in the ZnT3"" brain, we assessed ZnT3 immunoreactivity in the brains of
ZnT3™", ZnT3"", and ZnT3"" mice at the light microscopic and electron microscopic
levels (Appendix C). In the mutant brain, ZnT3 immunoreactivity was reduced (Zn73*")
or undetectable (ZnT3™), including the amygdala, cortex, and hippocampus (for
hippocampus, see Appendix C, Fig. 5; other regions, data not shown). At the
ultrastructural level, ZnT3 immunoreactivity was present on all synaptic vesicles within
ZnT3™ MFB’s, similarly as in Zn73*"* MFB’s, but the intensity of ZnT3
immunoreactivity was reduced (compare Appendix C, Fig. 5 B and D). TSQ
fluorescence, a specific indicator of vesicular zinc, was used to corroborate the results
seen with the Timm stain and to provide a quantitative comparison of vesicular zinc
levels in the hippocampi of ZnT3**, ZnT3*", and ZnT3”" mice. TSQ fluorescence was
undetectable in the ZnT3" hippocampus (Fig. 8 A), but still abundant in differentiating
spermatids of the testis and in B-islet cells of the pancreas (F ig. 8C, D). TSQ
fluorescence was quantified, using computer-assisted laser cytometry, from several
regions of the hippocampus and a small region within the dorsomedial thalamus (Fig. 8
B). Average fluorescence was plotted as a percentage of the maximal fluorescence,
which was seen in the wild-type hilus. TSQ fluorescence in the hilus and regions CA3
and CA1 was absent in the ZnT3" hippocampus (P < 0.0001, Student’s t-test), where it
was even lower than the background fluorescence, i.e., that seen in the thalamus or
corpus callosum (Fig. 8 A). TSQ fluorescence in the ZnT3*" hippocampus was reduced
by 47% in the hilus, 39% in region CA3, and 50% in region CA1 (P < 0.0001 for all
regions, Student’s t-test)(Fig. 8 B).
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Figure 8. TSQ fluorescence is undetectable in the brains of ZnT3™" mice.

(A) Computer-generated images of TSQ fluorescence (color coded as follows: red >
yellow > green > blue) in the hippocampi of ZnT3"" (left panel), ZnT3™" (middle panel),
and ZnT3™” (right panel) mice. The bright fluorescence in the hilus, s oriens and s
lucidum of CA3, and s oriens and s radiatum of CAl was reduced in the Zn73 -
hippocampus and undetectable in the ZnT3” hippocampus. TSQ staining was also
reduced in the neocortex. TSQ fluorescence in the hippocampus of the mutants was less
than the autofluorescence of the overlying corpus callosum. (B) Quantification of TSQ
fluorescence in regions within the hippocampus, by computer-assisted laser cytometry.
Data are expressed as mean + SEM (n = 5). (C) TSQ-stained section of a single
seminiferous tubule from the testis of a ZnT3” mouse. Spermatids poised at the lumen of
the tubule fluoresced with TSQ, similar to wild-type spermatids (not shown). (D) TSQ-
stained pancreas from a ZnT3” mouse, illustrating a single Islet of Langerhans. Scale
bars: 50 um (C); 100 um (D).
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III. Consequences of removing zinc from synaptic vesicles: the

phenotype of the ZnT3 knockout mouse

A. General description and gross morphology

ZnT3™" and ZnT3” mice showed no obvious phenotypic differences from their wild-
type littermates. Body weight, lifespan, fertility, and litter size were normal, and the
mice showed no obvious morphological abnormalities. Examination of the brains of
adult ZnT3” mice by light microscopy revealed no grossly aberrant morphology. In the
hippocampus, stratum (s.) granulosum of the dentate gyrus and s. pyramidale, s. oriens,
and s. radiatum of the CA3 and CA1 regions were normal in appearance, and mossy fiber
projections, as detected by dynorphin immunoreactivity, were evident in s. lucidum and s.
oriens of CA3 (not shown). Ultrastructural analysis revealed the Zn73" hippocampus to
be normal with respect to the number, distribution, and size of MFB’s in the hilus and s.
lucidum (Fig. 9 A, B), as well as the number of asymmetric synaptic contacts made with
dendritic spines (Fig. 9 C-F), and the presence of glutamate immunoreactivity (Fig. 9 E,
F). MFB’s in the ZnT3™ hippocampus showed normal characteristic ultrastructure, with
densely packed clear, round synaptic vesicles, a few dense core vesicles, and numerous
mitochondria (Fig. 9 C-F), lacking only histochemically reactive zinc within the synaptic
vesicles.

In the pancreas and salivary gland, vesicular zinc is packaged with insulin and NGF,
respectively, and is thought to stabilize these proteins during storage (Maske, 1957;
Epand et al., 1985; Frederickson et al., 1987; Pattison and Dunn, 1975; Ross et al., 1997).
We tested the possibility that zinc may be serving a similar role in synaptic vesicles in the
brain by measuring NGF in the zinc-rich hippocampus and, as a control, in the
cerebellum, where vesicular zinc is not normally present. NGF levels were normal in the
ZnT3™ hippocampus (Fig. 10 B). Zinc is a potent inhibitor of tissue plasminogen
activator (tPA), which causes excitotoxic neuronal death in the hippocampus by

generating plasmin (Tsirka et al., 1993; Tsirka et al., 1997). To assess whether zinc
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Figure 9. Mossy fiber boutons in the ZnT3™” hippocampus show normal ultrastructure.

Electron micrographs of mossy fiber boutons (MB) in stratum lucidum of the CA3
region, taken from a ZnT3*"* (A,C,E) and ZnT3™ (B,D,F) mouse. (A,B) Lower
magnification electron micrographs showing normal size, shape and density of MB’s.
(C,D) Higher magnification of a single MB from each genotype. ZnT3” MB’s were
normal with respect to their size, the approximate number of small, clear synaptic
vesicles contained within them, the numbers and types of synaptic contacts made with
dendritic spines (S), and the presence of mitochondria. A, terminals of inhibitory
interneurons. (E,F) MB’s immunoreacted with an antibody against glutamate (gold
particles. arrows).
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Figure 10. Normal NGF levels and TPA activity in the ZnT3™ hippocampus.

(A) Plasminogen overlay assay for TPA activity in a coronal section of mouse brain.
TPA activity was detected as a “plaque” (absence of milk proteins; white arrow), for
which the intensity was similar in ZnT3” and ZnT3"" mice. (B) NGF levels in the

hippocampus and cerebellum, assessed by ELISA assay with an anti-NGF antibody.
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inhibition of tPA occurs under normal conditions in the mouse brain, tPA activity was
assessed in ZnT3""" and ZnT3" mice by zymography using a plasminogen overlay assay
on coronal brain sections. TPA in the section generates active plasmin from plasminogen
in the overlay. Casein in the overlay is digested by plasmin, generating a dark zone over
areas of tPA activity (Tsirka et al., 1997). TPA activity was prominent over the hilus and
CA3 subregions of both ZnT3*"" and ZnT3” hippocampi (Fig. 10 A) in a pattern similar
to that described by Tsirka et al. (1997). The extent of the dark zone of casein dissolution
was similar between ZnT3"" and ZnT3” mice (Fig. 10 A), indicating similar tPA activity
under normal brain activity. Thus, tPA activity was similar regardless of the presence of

zinc as an inhibitor.

B. Sensorimotor functions

Zinc is present in terminals of cortical projections to the striatum (F rederickson,
1989; Vincent and Semba, 1989), where it may be capable of modulating dopamine
receptors (Schetz et al., 1999). Motor coordination was measured in the ZnT3™" mice
using the rotarod (Thomas and Palmiter, 1997), the pole test (Ogawa et al., 1985) and the
cagetop test. In the rotarod test (Fig. 11 A), mice were placed on a stationary cylinder
(rotarod; San Diego Instruments). After 3 sec, the rotarod was switched on to a speed of
4 rpm, and the mice were timed until they fell, with a maximum cutoff of 90 sec. Mice
were tested for 4 trials in succession, with 1 min between trials. There were no
significant differences in latency to fall from the rotarod (Fig. 11 A). The trend of poor
performance for the naive ZnT3™ mice was not statistically significant. Coordination was
also tested in this same group of mice by placing the mice head-upward at the top of a
rough-surfaced vertical metal pole (~1 cm diameter; 55 cm height), and recording the
latency to reach the bottom of the pole (Pole test, Fig. 11 B). At the start of testing, mice
explored the base of the pole for 20 sec, then mice were tested for 3 trials in succession.
with a 20 sec reward period between trials. Mice that remained at the top of the pole for
the duration of the test (60 sec) were assigned a latency of 60 sec. There were no

significant differences in pole descent latency between ZnT3** and ZnT3" mice (Fig. 11
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Figure 11. Motor coordination is normal in ZnT3” mice.

Latencies to fall off of the rotarod (A), descend a pole (B), or descend from the
cagetop (C) were similar to those for wild-type mice. Mice were tested for several
trials in succession. Neither naive mice (trial 1) nor trained mice (trials 3 or 4)
showed any significant differences relative to wild-type controls.



B). Finally, motor coordination was tested using a motor task that is commonly
observed in the home cage, descent from the cagetop to the bottom of the cage. Mice
were placed upside down on the bottom of the wire cagetop of their cage, and the latency
to climb down to their cage was measured (Fig. 11 C). Mice were tested 3 times in
succession, with about 30 sec between trials. There were no significant differences in
cagetop descent latency between ZnT3*'* and ZnT3™ mice (Fig. 11 C).

Many behavioral tests are dependent on the assumption that experimental and control
groups display similar levels of anxiety. Anxiety was tested using the elevated plus maze
(Lister, 1987) and by measuring activity in a novel environment. The elevated plus maze
consists of two “closed” (walled) and two “open” (unwalled) arms connected by a central
platform elevated 39 cm above the floor. Mice were placed in the center of the maze, and
the amount of time the mice spent in the open versus the closed arms was measured.
Mice with higher levels of anxiety spend a greater percentage of time in the closed arms
than the open arms, presumably reflecting the innate tendency of mice to seek out
enclosed spaces. ZnT3” mice spent an equivalent amount of time as Zn73"" mice in the
exposed open arms (Fig. 12 A), indicating that anxiety is similar among mice of both
genotypes. Open field activity was examined to assess behaviors that are dictated by a
combination of anxiety, curiosity, and locomotor drive. In the first test of open field
activity, mice were placed in a novel rat cage and ambulations were measured as
successive light-beam breaks in a photobeam activity chamber (San Diego
[nstruments)(Fig. 12 B). Data were collected in 5-min bins for 60 min. Although ZnT3™"
mice appeared to ambulate less frequently shortly following introduction into the
chamber, which might reflect heightened anxiety, the number of ambulations was not
significantly different from the number of ambulations made by ZnT3*"* mice (Fig. 12
B). In a different group of mice, activity in the open field was monitored using a
computerized tracking system that allowed measurement of the time spent in the most
exposed portion of the open field, the center, versus the outer edge. Mice were placed in
a white box (48 cm by 48 cm) for 30 min, and movements were tracked with the

Polytrack system (San Diego Instruments). Both ZnT3** and ZnT3" mice had latencies
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Figure 12. Exploratory behavior and anxiety are normal in ZnT3” mice.

(A) Elevated plus maze. ZnT3” mice spent the same percentage of time in the exposed
open arms as wild-type mice. (B) Ambulatory activity. Ambulations were counted as
successive light-beam breaks following introduction into a novel environment (a rat cage
with novel bedding). Although ZnT3™ mice had a tendency to ambulate less frequently
following introduction into the chamber, this tendency was not statistically significant.
(C-E) Open field behavior. Mice were placed in a brightly lit open field, and movements
were tracked by software-assisted contrast detection. (C) Latency to enter center area of
the open field. (D) # entries into center area. (E) Dwell time in center area. There were
no significant differences between ZnT3” and ZnT3 """ mice.
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of 60 to 70 sec on average to enter the center area (25 cm x 25 cm)(Fig. 12 C). Total
number of entries into the center area, and dwell time in the center area were measured in
three 10 min bins (Fig. 12 D, E). There were no significant differences in any of these
behaviors between ZnT3** and ZnT3” mice.

Zinc and ZnT3 are present in excitatory terminals of the dorsal cochlear nucleus
(Frederickson, 1989; Rubio and Juiz, 1998; Cole et al., 1999), suggesting that the absence
of zinc might affect hearing. Prepulse inhibition, a commonly used test of schizophrenic
behavior in both humans and rodents (Swerdlow et al., 1998; Sallinen et al., 1998), has
also been used to assess hearing loss in mice by adjusting the intensity of the prepulse or
pulse (Willott et al., 1994). Auditory startle threshold and threshold for prepulse
inhibition of the startle response were assessed with a startle reflex box (San Diego
Instruments), similarly as described (Willott et al., 1994). For both tests, mice were
placed into a small cylindrical chamber (4 cm by 10 cm) small enough to restrict
movement but large enough that the mice could still turn around within it. The chamber
was attached to a plexiglass platform with a piezoelectric sensor mounted to the bottom
to measure the startle response to an auditory stimulus. The platform was placed inside a
soundproof box with a 2 inch speaker mounted 15 cm above the enclosure. Mice were
allowed to habituate for 2 min, then a series of auditory stimuli (40-msec pulses of white
noise) were presented to the mice in random order, with 5 to 30 sec between pulses. For
assessing startle threshold, pulse intensities ranging from 0 to 125 dB were presented in
random order, with each intensity of pulse repeated at least 4 times. Startle response was
measured only within the first 100 msec following the pulse to reduce contamination by
background movement of the mouse. The threshold pulse intensity sufficient to produce
a startle response was between 50 and 70 dB for both ZnT3*"* and ZnT3™”" mice (Fig. 13
A). Prepulse inhibition was tested in a similar manner, except the startle pulse was
always 115 dB, and it was preceded by a prepulse of varying intensity, with a 100 msec
interval between prepulse and pulse. Prepulse intensities were presented in random order
throughout testing, with each intensity used at least 4 times. For controls, the pulse was

given alone (0 dB prepulse), or startle was recorded in the absence of any audio stimulus
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Figure 13. Auditory threshold is normal in ZnT3” mice.

Auditory startle threshold and threshold for prepulse inhibition of the startle response
were tested with a startle reflex box. (A) Auditory startle threshold. ZnT3” mice
showed a similar startle response curve to increasing intensities of auditory stimuli as
ZnT3™"* mice. (B) Prepulse inhibition. In ZnT3” and ZnT3** mice, equivalent
prepulse intensities inhibited the subsequent startle response to the 115 dB pulse to a
similar extent. Startle response in (B) is plotted as % of the startle response to the
pulse alone. For both genotypes, the threshold for prepulse inhibition (50-70 dB) was
similar to the threshold for auditory startle.



30

(no pulse). The threshold prepulse intensity that was sufficient to allow inhibition of the
subsequent startle response to the pulse was similar for ZnT3” and ZnT3" mice (Fig. 13
B). Data are presented relative to the startle response to the 115 dB pulse alone. Thus,
auditory threshold (and sensorimotor gating) is normal in ZnT3” mice.

ZnT3 and histochemically reactive zinc are present in terminals of neurons in the
granule cell layer, periglomerular layer, and glomerular layer of the olfactory bulb
(Friedman and Price, 1984; Jo et al., 2000a), where zinc has been suggested to act as a
neuromodulator (Trombley and Shepherd, 1993). Olfaction was tested in the ZnT3-/-
mice in two ways. Gross deficits in olfaction were tested by measuring the latency to
find food that was hidden underneath the bedding. Mice were food-deprived for 18 hr,
then placed in a cage (~ 50 cm by 50 cm) containing 2 inches of wood-chip bedding,
under which a food pellet (regular mouse chow) was hidden. Latency to discover the
food (drag it out of the bedding) was measured in three separate trials, with a 5-min,
inter-trial interval. ZnT3”" mice had similar food-recovery latencies as Zn73*"" mice
(Fig. 14 A). Olfactory threshold was tested with a conditioning paradigm that required
the mice to associate a non-noxious odor (peppermint oil) with an aversive stimulus
(quinine) in their drinking water. Mice were water-deprived for 18 hr, then given water
bottles containing quinine and peppermint oil for three days, with fresh water given in
addition two times daily. Mice were then given 10 practice trials in a two-choice
paradigm (water versus quinine-peppermint). Mice were then tested every other day,
following 18-hr water-deprivation, for preference in the two-bottle paradigm, with
various concentrations (serial dilutions presented in random order) of peppermint oil,
Each concentration was presented at least four times over all of the testing days. Mice
were given fresh water daily for 30 min in the afternoon. Odorant was diluted for each
mouse until the threshold odorant concentration sufficient to allow avoidance of the
quinine-containing water was reached (i.e., choice of quinine-containing water 50% of
the time). For ZnT3” and ZnT3*"* mice, olfactory threshold was similar (50% correct

choice was attained at a similar concentration of peppermint oil, Fig. 14 B).
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Figure 14. Olfactory threshold is normal in Zn73” mice.

(A) Latency to recover food hidden beneath the bedding was similar for food-
deprived ZnT3*"* and ZnT3” mice. (B) Olfactory threshold. Odorant (peppermint
oil) was paired with an aversive stimulus (quinine) in a two-water-bottle choice
paradigm. Following 10 training trials, mice were tested for 4 trials, scoring whether
they chose water (correct) or quinine (incorrect). Over subsequent days, mice were
tested with randomized dilutions of odorant to determine the threshold odorant
concentration sufficient to allow avoidance of the quinine-containing water (i.e.. 50%
correct). ZnT3*"" and ZnT3” mice had similar olfactory threshold curves.
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ZnT3 and zinc are present in both excitatory and inhibitory terminals in the dorsal and
ventral horns of mouse spinal cord (Danscher, 1982; Jo et al., 2000b,¢), and injection of
zinc or zinc chelators has been shown to alter nociceptive activity in mice (Larson and
Kitto, 1997; 1999). We assessed nociception in ZnT3” mice by measuring tail-flick
latency in response to a heat lamp, and separately by measuring latency to respond to
thermal stimulation from a hot plate (Mogil et al., 1999). For the tail-flick assay, mice
were restrained in a plastic tube and the tail was exposed to the heat lamp of a tail-flick
apparatus. Latency to remove the tail from the heat was used as a measure of thermal
nociception. ZnT3” mice had significantly longer latencies to remove their tail from the
heat lamp, suggesting that nociception is impaired in these mice. However, the 129/SvJ
strain of mice, from which the Zn73" mice were derived, also have higher tail-flick
latencies than C57B1/6 mice (Mogil et al., 1999), suggesting that this effect could be due
to a 129/Sv] allele closely linked to the targeted mutation, rather than an effect of the
gene disruption itself. The difference in tail-flick latency between 129/SvJ and C57Bl/6
mice disappears if the mice are allowed to acclimate to the restraint tube (G. Terman,
unpublished observations), and is perhaps related to heightened anxiety in the 129/SvJ
mice. When ZnT3” mice were allowed to acclimate for 1 hr to the restraint tube, there
was no difference in tail-flick latency compared to ZnT3""* mice. Thus, the difference in
tail-flick latency seen in the absence of acclimation to the tube is not a difference in
nociception, but probably reflects a behavioral difference due to a “hitchhiking” 129/Sv]J
allele. A different group of mice were tested in the hot plate test, another paradigm for
assessing thermal nociception. Mice were placed on a 51° C hot plate, surrounded by a
plexiglass cylinder that gave the mouse room to move, groom and jump. Upon the first
behavior indicative of thermal discomfort (licking of hindpaws or jumping), the mouse
was removed from the hot plate and the latency to this first response was recorded as a

+/+arld

measure of thermal nociception. Latency to first response was similar for Zn7T3
ZnT3" mice (Fig. 15 B), confirming that thermal nociception is normal in the absence of

vesicular zinc.
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Figure 15. Nociception is normal in ZnT3™ mice.

(A) Tail-flick assay. ZnT3” mice had significantly longer latencies to remove their
tail from the heat lamp (p < 0.005, Student’s t-test), suggesting impaired nociception.
However, 1 hr acclimation to the restraint tube abrogated the difference in tail-flick
latency between ZnT3*"* and ZnT3™ mice, indicating that the difference seen in the
absence of acclimation was not due to a difference in nociception. A similar
phenomenon has been reported for the 129sv/J vs. C57B1/6 strains of mice,
suggesting that the difference is strain-related rather than an effect of specific gene
disruption. (B) Hot plate assay. Latency to first response (hindpaw licking or
jumping) after being placed on a 51°C hot plate was similar in ZnT3” and ZnT3*"*

mice.



C. Learning and memory

ZnT3 and zinc are present in terminals throughout the limbic circuitry (Crawford and
Connor, 1972; Zimmer and Haug, 1978; Appendices A and B), and zinc or zinc chelators
can exert effects on neuronal excitability and long term potentiation in hippocampal
slices (Smart et al., 1994; Weiss et al., 1989). Reference memory and working memory
were tested in the ZnT3” mice using several different paradigms that required the mouse
to learn different kinds of tasks varying in complexity and information content. Passive
inhibitory avoidance (Thomas and Palmiter, 1997) was used as a test of the ability to
make a simple association between an aversive stimulus (footshock) and entry into a dark
chamber. One chamber of a shuttle box (Coulbourn Instruments) was lined with black
plastic, while the other chamber remained well-lit. Mice were placed in the lighted
chamber and the latency to enter the dark chamber through an inter-connecting door was
recorded. The door was lowered and a 0.7 mA shock was delivered through the floor
bars for | sec, using a grid-scanning shocker (Coulbourn Instruments). After 10 sec, the
mice were returned to their home cage. Testing was identical to training except no shock
was delivered after the mouse entered the dark chamber. Mice were tested 2 hr. 1 day, 7
days, and 28 days after training. ZnT3"* and ZnT'3”" mice learned to avoid the dark
chamber, and had similar retention up to 28 days post-training (Fig. 16).

Contextual fear conditioning was used to test learning that involves the hippocampus
and amygdala (reviewed in McGaugh et al., 1996). Mice were placed in one chamber of
a shuttle box (Coulbourn Instruments), and movements were monitored every 8 sec,
scoring behavior as “freezing” (absence of any movement except respiration) or “no
freezing”. Freezing behavior was used as a measure of fear associated with an aversive
stimulus (footshock). Training was conducted by placing the mouse in the shock box for
2 min, then delivering 3 tone-shock pairs at 1 min intervals, with each tone-shock pair
consisting of a 30-sec tone (2 kHz; 80 dB) paired with a 0.7 mA footshock (delivered
during the last 2 sec of the tone). After the final tone-shock pair, mice were monitored

for 1 min, then removed to their home cage. ZnT3™" and ZnT3” mice both spent a higher
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Figure 16. Passive inhibitory avoidance.

The latency to re-enter the dark chamber of a shuttle box after receiving a shock in
that charnber was recorded as a measure of simple associative leaming. ZnT3*"" and
ZnT3” mice learned to avoid the dark chamber after receiving the shock, and retained

the association for at least 28 days following training.
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percentage of the time freezing as training progressed, whereas control mice that received
the identical training in the absence of a footshock were unaffected (Fig. 17 A). Mice
were tested the next day for fear conditioning to the context (hippocampus- and
amygdala-dependent learning) by placing them back in the shock box for 6 min, without
delivering a shock. ZnT3"* and ZnT3" mice that received shocks in the training trial
spent a significant percentage of time freezing upon exposure to the context of the shock
box, and decay of the freezing response over the 6-min recording period was similar
between ZnT3™" and ZnT3” mice (Fig. 17 B). On the second day after training, mice
were tested for fear conditioning to the auditory cue by placing them in a novel cage (a
rat cage with corn cob bedding) in a different room from the training room, to reduce the
possibility of fear conditioning to context. After 2 min in the novel cage, the same
auditory cue used during training was presented for 4 min, and freezing was monitored as
a measure of fear conditioning to the cue (hippocampus-independent learning). Zn73*~
and ZnT3" mice actively explored the new cage for the first 2 min, and presentation of
the cue caused mice of both genotypes to spend an equivalent percentage of time
freezing, with equivalent decay times for freezing behavior as the cue continued to be
presented (Fig. 17 C). Control mice that did not receive a shock during training
continued to actively explore the cage upon presentation of the cue. Thus, ZnT3™ mice
do not show any deficits in this form of aversive conditioning.

Spatial learning, reversal, and retention were tested using the Morris water maze
(Morris, 1984; Thomas and Palmiter, 1997). A steel circular water tank 59.5 cm high and
115 cm in diameter, painted white and filled with water plus 4 gallons of whole milk, to a
level of 36 cm was used. A circular platform 10 cm in diameter was submerged 1 cm
below the surface of the water in the middle of one quadrant, and prominent visual cues
were placed outside the tank. A video camera was mounted above the tank and mouse
movements were tracked with a computerized videotracking device (Polytrack system,
San Diego Instruments). Mice were placed in the pool between quadrants, with the drop
location changing for each trial but the platform location remaining constant. For each

trial mice were allowed to search for the platform for 60 sec, then they were dragged to
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Figure 17. Contextual and cued fear conditioning.

Spatial (contextual) and associative (cued) learning were tested in ZnT3 " and ZnT3”"
mice with a fear conditioning paradigm. Mice were placed in a shock box and
movements were monitored every 8 seconds, scoring freezing as + (no movement besides
respiration) or — (any movement). (A) Training consisted of 3 tone-shock pairs (30 sec
tone; 2 sec shock) delivered at | min intervals. Percent time freezing increased with
training for all ZnT3™"" and ZnT3”" mice that received a shock. (B) 24 hr later, mice
were placed back in the shock box and freezing behavior was scored for 6 min to measure
fear response to the context of the box (hippocampus- and amygdala-dependent learning).
(C) 48 hr after training, mice were placed in a novel rat cage in a different room.

Freezing was scored for 6 min, with presentation of the auditory cue for the last 4 min. to
test associative learning (amygdala-dependent learning). No differences were detected
between ZnT3 '™ and ZnT3” mice.
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the platform if they did not locate it themselves. After remaining on the platform for 10
sec, the mice were dried off and removed to a warm cage. Mice were trained for 3 trials
(1 session) per day for 7 days, with trials for each mouse separated by about 2 hr.
ZnT3""* and ZnT3” mice learned the task equivalently, since latency to find the platform
decreased over the training sessions (not shown), and they traversed a shorter distance
(path length) before finding the platform (Fig. 18 A). For half of the mice trained in this
task, reversal of spatial learning was tested by placing the platform in the opposite
quadrant from where it had previously been located and testing the mice for extinction of
the old platform location and learning of the new location over 9 additional trials (3
sessions)(Fig. 18 B). ZnT3™* and ZnT3" mice learned the new platform location within 3
or 4 trials, but ZnT3” mice required 1 more trial to acquire the new platform location
(i.e., path length to the platform was significantly greater in trial 2; Fig. 18 B). This same
group of mice was then tested with a platform made visible with a local cue (the platform
was raised just above the level of the water and a black ping-pong ball was attached to
the platform) to test the mice in a simpler learning paradigm that does not require the
hippocampus. Path length to the visible platform was equivalent for the two genotypes
(Fig. 18 C). The other half of the mice trained in the Morris water maze task were not
tested for reversal of spatial learning. With these mice, retention of platform location was
tested immediately following training (Fig. 18 D). Retention was tested in probe trials at
1,7, 14, 21, and 28 days post-training by removing the platform from the maze and
allowing mice to search the maze for 60 sec. The percentage of time spent searching in
the correct quadrant (the quadrant where the platform had been located) versus the
opposite quadrant was recorded as a measure of spatial memory retention. Zn73** and
ZnT3™" mice had similar long-term retention of the platform location (Fig. 18 D). Swim
speed was similar for ZnT3™"* and ZnT3" mice (Fig. 18 E).

Zinc chelators disrupt spatial working memory, but not reference memory, in rats
tested in a delayed-matching-to-sample variant of the Morris water maze (Frederickson et
al., 1990). This test was adapted to test working memory in the ZnT3"* and ZnT3” mice.

For the delayed-matching-to-sample variant of the Morris water maze, a different group
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Figure 18. Morris Water Maze: Learning, retention, reversal, and delayed-match-to-
sample.

(A) Mice were trained for 7 sessions (21 trials) over a 7-day period, with the submerged
platform always in the same location, but the start location changing with each trial. By
the 7" session, ZnT3™™ and ZnT3” mice traversed a shorter path length than in earlier
sessions to locate the platform, indicating successful acquisition of the task. (B) For half
of the mice of each genotype, the platform location was reversed (changed to the opposite
quadrant), and extinction/relearning was assessed for 3 more sessions (9 trials). ZnT3™"
mice required 1 more trial than ZnT3*"* mice to acquire the new platform location (the
path length for trial #2 was significantly greater for ZnT3”" mice; p < 0.005, Student’s ¢-
test). (C) For the same group of mice tested in (B), the platform was then made visible
by raising it above the surface of the water and attaching a prominent cue (a dark ping-
pong ball). Path length to the platform, recorded for 6 more trials, was similar between
ZnT3""* and ZnT3™ mice. (D) Retention was tested at 1, 7, 14, 21 and 28 days post-
training in the remainder of mice trained in (A) by removing the platform and monitoring
the amount of time spent searching in the region where the platform had been located.
ZnT3""* and ZnT3™ mice both spent about 40% of the time in the quadrant where the
platform had been previously located (correct), and about 15% of the time in the opposite
quadrant, and retained the spatial information equally well for at least 28 days. (E) Swim
speed was similar between the 2 genotypes. (F) To test working memory, a delayed-
matching-to-sample variant of the Morris Water Maze was used with a different group of
mice (n = 12 each genotype). Mice were tested for 14 sessions over 14 days, with each
session consisting of 2 trials separated by a 10 sec interval. Platform location changed
for each session, but remained the same for both trials within a session, allowing mice to
utilize working memory to locate the flatform on the 2™ trial of each session. Percent
reduction in latency from the 1% to 2™ trial of each session was used as a measure of
working memory. As shown in (F), even the wild-type mice do not appear to be capable
of learning this task, as on average, the 2™ trial latency was longer than the 1* trial
latency.
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of mice was tested for 14 sessions over 7 days, with each session consisting of 2 trials
separated by a 10-sec interval. Platform location changed for each session, but remained
the same for both trials within a session, allowing mice to utilize working memory to
locate the platform on the second trial of each session. Since the latency to find the
platform in the second trial of each session should be less than that in the first trial of
each session, the reduction in latency from the first to second trial of each session is used
as a measure of working memory. In contrast to rats, mice do not appear to be capable of
learning this task; for both ZnT3*"" and ZnT3" mice, the second trial latency was longer
than the first trial latency, indicating no improvement in performance in the second trial
(Fig. 18 F). Therefore, working memory could not be compared between Zn73*"* and
ZnT3”" mice using this test.

As an alternative test of working memory, a water version of the radial arm maze was
used (Fig. 19 A; Hyde et al., 1998). The maze was constructed of galvanized steel with 8
removable arms (23.1 cm long by 12.8 cm wide) radiating from a central area 48.7 cm in
diameter, and was immersed in water so the distance to the top of the maze was about 15
cm. Extra-maze cues were displayed prominently just outside the perimeter of the maze.
Hidden escape platforms (7.5 cm by 11 ¢cm) were placed at the ends of 4 of the arms, 1
cm below the surface of the water, while the other 4 arms remained empty. Platform
locations were different for each mouse, and remained fixed throughout the experiment.
Platform locations were semi-randomly determined, with no more than two platforms in
adjacent arms. For each trial, the mouse was released into the maze facing the end of the
start arm. Mice were allowed to swim until they located one of the four platforms, or for
a maximum time of 2 min, at which time they were dragged to the nearest platform.

After remaining on the platform for 20 sec, they were removed to a warm cage under a
heat lamp, and the platform located in that trial was removed. Each session consisted of
four trials separated by 90 sec inter-trial intervals, requiring the mice to find all four
platforms in succession (Fig. 19 A). Mice underwent one training session per day for 12
days, during which time they were required to (1) remember and avoid entering arms that

never contained platforms (reference memory); (2) remember and enter the arms that
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Figure 19. Radial arm maze: experimental design.

(A) Mice were tested in a water version of the 8-arm radial arm maze. 4 arms contained
platforms (platform arms) and 4 arms were always empty (reference arms). For each
trial, mice were allowed to swim in the maze until they located a platform, then the
mouse and the platform found in that trial were removed from the maze. Each session
consisted of 4 trials, with a 90 sec inter-trial interval, requiring mice to locate all 4
platforms in succession. Mice were trained for 12 sessions over 12 days, then retention
was tested at 1 wk, 2 wks, and 4 wks, recording the latency to find each platform, the
number of working memory errors (reentries into previously-visited arms) and the
number of reference memory errors (entries into reference arms). (B-E) Latency to find
the platform in each trial. Latencies decreased with training in both Zn73*’* and ZnT3™
mice. With increasing task difficulty (increased memory load, eg. in trial 4), the mice
took longer to locate a platform initially but latencies still decreased significantly over
time.
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should have platforms (reference memory); and (3) remember not to reenter an arm
which had previously contained a platform in that session (working memory). For each
trial, latency to find a platform was recorded, and the numbers of working memory errors
and reference memory errors were determined. Working memory errors were defined as
entries into any arm the mice had previously entered within that session. Reference
memory errors were defined as entries or reentries into arms that never contained a
platform (reference arms). The increasing difficulty of the task from Trial 1 to Trial 4
allowed assessment of working memory and reference memory under different memory
loads. Following the 12 training sessions, working memory and reference memory were
tested at 1 wk, 2 wk, 4 wk, and 7 wk, to test long-term retention of the task.

Latency to find a platform decreased with training for both Zn73 **and ZnT3" mice
for all trials (Fig. 19 B-E), indicating that the mice learned an effective strategy for
finding platforms in each of the four trials. Within each session, increased memory load
(i.e., trials 3 and 4 versus trials 1 and 2) was associated with longer latency to locate a
platform (compare Fig. 19 B and E). At 1, 2, 4 and 7 wk following training, mice of both
genotypes continued to have short platform-localization latencies in the first three trials
(Fig. 19 B-D). However, in the fourth trial (the trial with the highest memory load)
ZnT3” mice had longer latencies than ZnT3** mice at 4 wks post-training (Fig. 19 E).
Fourth trial latencies were similar between Zn73** mice and ZnT3” mice at 1, 2, and 7
wk post-training.

The numbers of reference memory errors and working memory errors also decreased
with training for both ZnT3*"* and ZnT3™ mice (Fig. 20). Within each session, the
number of working memory errors was higher in trials 3 and 4 than in trial 2 (Fig. 20 C,
E, G), consistent with the increased memory load inherent in the later trials of each
session. Within each session, the number of reference memory errors was also higher in
the later trials (Fig. 20 D, F, H). Since reference memory load should not change within
a session, this result suggests that working memory errors are probably interfering with
assessment of reference memory. At 1, 2, 4, and 7 wk after training, the number of

reference memory errors was similar for Zn73 ** and ZnT3™ mice (Fig. 20 B, D, F, H).
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Figure 20. Radial arm maze: working memory and reference memory errors.

Total number of working memory errors (A,C,E,G) and reference memory errors
(B.D.,F.H). Working memory errors were defined as reentries into any arm previously
visited in that session, and reference memory errors were defined as entries (or reentries)
into reference arms. (A,B) Total number of working or reference memory errors summed
for all 4 trials. (C-H) Number of working or reference memory errors in Trials 2, 3, or 4.
The numbers of both working and reference memory errors decreased over the 12
training days for all trials. Within each session, the number of working memory errors
increased with each trial (compare C, E, and G), probably reflecting the increased
memory load involved in Trials 3 and 4. Unexpectedly, the number of reference memory
errors also increased with each trial (compare D,F, and H). There were no differences
between ZnT3™" and ZnT3” mice in the numbers of working or reference memory errors
made during the 12 training sessions. One, two, four and seven weeks after training,
ZnT3*"" and ZnT3 mice had similar retention of the locations of reference arms (B D,

F. H). ZnT3” mice made a similar number of working memory errors as ZnT3""* mice at
most of these time points (A. C, E, G) In Trial 4, ZnT3” mice made significantly more
working memory errors than ZnT3*"* mice at 4 wk post-training (P <0.05 Student’s t-
test). but not at 1 wk, 2 wk, or 7 wk post-training (G).
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Figure 21. Radial arm maze: working memory errors (same-trial vs. inter-trial).

Types of working memory errors made by ZnT3*"* and ZnT3" mice during training and
retention testing. (A) Number of reentries into arms visited within the same trial (i.e.,
Type 1 errors). (B) Number of entries into arms visited in the previous trial (~ 1.5 min
prior) (i.e., Type 2 errors). (C) Number of entries into arms visited 2 trials ago (~3.5 min
prior) (i.e., Type 3 errors). (D) Number of entries into arms visited 3 trials ago (5-7 min
prior) (i.e., Type 4 errors). For (B), (C), and (D), only the first entry into a previously
visited arm was counted (i.e., same trial reentries were not included). At 4 wks post-
training, most of the working memory errors made by ZnT3™" mice were same trial
reentries (compare A with B-D). Compared to Zn73™" mice, at 4 weeks post-training
ZnT3"" mice made more same-trial reentries and more Type 4 errors. Most of these
errors were made in Trial 4 (see Fig. 19).
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At 4 wks post-training, ZnT3”" mice made significantly more working memory errors
than ZnT3*"* mice in the fourth trial (Fig. 20 G), suggesting that ZnT3"" mice have poorer
retention of complex tasks. However, ZnT3” mice made a similar number of working
memory errors as ZnT3"’" mice in the fourth trial at 1, 2, and 7 wk post-training, and the
number of working memory errors in the second and third trials at 1, 2, 4, and 7 wk was
similar between ZnT3*"* and ZnT3™ mice (Fig. 20 C, E). Thus, the higher number of
fourth trial working memory errors seen in the mice at 4 wk probably represents
variability inherent in the task, rather than a difference between genotypes.

To determine what types of working memory errors ZnT3” mice made, working
memory errors were separated into four types: (1) entries into arms previously visited
within the same trial; (2) entries into arms visited in the immediately previous trial; (3)
entries into arms visited two trials ago; and (4) entries into arms visited three trials ago.
Same-trial reentries (i.e., type 1 working memory errors) occur within seconds of each
other, whereas type 2, type 3, and type 4 working memory errors involve 1.5 min, 3.5
min. and 5-7 min intervals, respectively. Type 1 errors can occur in any trial, whereas
type 2 errors are limited to trials 2, 3, and 4. Type 3 errors are limited to trials 3 and 4,
and type 4 errors are limited to trial 4. At 2 and 4 wk post-training, most of the working
memory errors made by ZnT3”" mice were type 1 errors (same-trial reentries) (compare
Fig. 21 B-E), whereas ZnT3™"" mice made mostly type 2 errors. At4 wk (but not at 1, 2,
or 7 wk), ZnT3”" mice made significantly more type 1 and type 2 errors (Fig. 21 B, E)

than ZnT3*"* mice. Most of these errors occurred in trial 4.

D. Seizures

To determine whether the net effect of zinc release during prolonged neuronal firing
is excitatory or inhibitory, we tested seizure susceptibility of ZnT3” mice in a number of
seizure-induction protocols (Appendix D). ZnT3” mice do not display spontaneous
hyperexcitability, nor were they any more susceptible than ZnT3""" mice to audiogenic
seizures or seizures induced by flurothyl, pentylenetetrazol, or bicuculline (Appendix D,

Figs. 1, 2, 3; Appendix D, Table 2). ZnT3” mice were somewhat less sensitive than
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ZnT3™" to mild seizures (e.g., myoclonic jerks) induced by low doses of the GABA4
receptor antagonist, bicuculline, whereas higher doses of bicuculline produced seizures of
equivalent severity (e.g., limb clonus; loss of posture) in ZnT3"* and ZnT3" mice
(Appendix D, Fig. 3; Appendix D, Table 2).

ZnT3”" mice were more susceptible than ZnT3*"* mice to seizures induced by kainic
acid (Appendix D, Fig. 4), with an EDg, for tonic/clonic seizure of about 15 mg/kg,
compared to about 20 mg/kg for ZnT3""* mice (Appendix D, Table 2). Monitoring
electrographic activity with cortical electrodes during kainate-induced seizures revealed
shorter latency to electrographic seizure. longer electrographic seizure episodes, and a
greater percent time spent in electrographic seizures for ZnT3” mice compared to
ZnT3™"* mice (Appendix D, Fig. 5), suggesting that zinc may be important for controlling
either the initial seizure induction or maintenance of seizures after they have begun. In
many cases, electrographic status epilepticus was observed in ZnT3™ mice, whereas

ZnT3""* mice typically had discrete electrographic seizure episodes (Appendix D, Fig. 5).

E. Neuronal damage

Zinc is released from synaptic vesicles upon neuronal excitation (Assaf and Chung,
1984; Howell et al., 1984), and subsequent accumulation of zinc in the cytosol of post-
synaptic neurons has been shown to correlate very well with neuronal damage associated
with seizures, ischemia, and trauma (Frederickson et al., 1988; Tonder et al., 1990; Koh
et al., 1996; Suh et al., 2000). The zinc translocation hypothesis proposes that
histochemically reactive zinc in synaptic vesicles is released into the synaptic cleft
following brain insults; synaptically-released zinc then translocates to the cytosol of post-
synaptic target neurons by passage through ionotropic glutamate receptors or other ion
channels, where its accumulation is thought to be responsible for much of the damage to
these neurons (Frederickson et al., 1989; Choi and Koh, 1998; Lee et al., 1999).
According to this hypothesis, the ZnT3™ brain should show less seizure-induced neuronal
damage than the Zn73 ** brain in regions where zinc is normally released, since

histochemically reactive zinc is no longer available for release into the synapse.
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Surprisingly, the opposite occurred: neuronal damage following kainate-induced seizures
was much higher in ZnT3” mice than ZnT3""" mice, especially in CA1 pyramidal cells
(Appendix D, Fig. 6), even when behavioral seizure severity was equivalent.

In a direct test of the zinc translocation hypothesis, we asked whether zinc still
accumulated in the cytosol of post-synaptic neurons after seizures in the ZnT3” brain,
where histochemically reactive zinc is no longer present in synaptic vesicles.
Intraperitoneal injection of a high dose of kainate (40 mg/kg) produced severe seizures in
both ZnT3"'" (n = 5) and ZnT3™" (n = 5) mice, as well as ZnT3”" mice that were injected
intracerebroventricularly (icv) with 2 ul of 300 mM CaEDTA, a specific zinc chelator, 30
min prior to kainic acid injection (n = 5)(Fig. 22 E). Two hr after kainate injection,
seizures were halted by intraperitoneal injection of sodium phenytoin (50 mg/kg).
Twenty-four hr later, the brain was harvested, cryosections were cut, and the zinc-
specific fluorescent indicator, TFL-Zn (Budde et al., 1997) was added to the unfixed
sections for 90 sec. After washing with saline, TFL-Zn stained sections were examined
under a fluorescence microscope and photographed (Fig. 22). To identify cell death in
the sections, TUNEL staining was performed with the in situ cell death detection kit
(Boehringer Mannheim), according to the manufacturer’s instructions. In the
hippocampus of ZnT3""" mice injected with saline, TFL-Zn staining was similar to that
seen with the TSQ or Timm stains, with staining evident in the hilus, CA3 region, and
CAl region (Fig. 22 A). Twenty-four hr after kainate-induced seizures, TFL-stainable
zinc was present in the cytosol of neurons in the CA3 and CA1 pyramidal cell layers, and
TUNEL stained neurons were detectable in CAl (Fig. 22 C). ZnT3” mice injected with
saline had no detectable TFL-stainable zinc (Fig. 22 B). Twenty-four hr after kainate-
induced seizure, TFL-stainable zinc was present in the cytosol of neurons in the CA3 and
CA1 pyramidal cell layers of the ZnT3™ hippocampus, and TUNEL stained neurons were
especially abundant in the CA1 region (Fig. 22 D). The number of TFL-stained neurons
in the CA1 region of the ZnT3™ hippocampus was much greater than that seen in the
ZnT3*" hippocampus, as were the number of TUNEL.-stained neurons (Fig. 22 C, D).
Prior icv injection of the zinc chelator CaEDTA significantly reduced both the cytosolic
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Figure 22. Vesicle zinc not the sole source of toxic zinc accumulation following seizures.

Hippocampi from ZnT3** (A, C) and ZnT3™ (B, D, F) mice, stained with TFL-Zn (blue
staining) or TUNEL (insets) before (A,B) or 24 hr after (C, D, F) kainate-induced
seizures. Mice were injected with kainate (40 mg/kg, ip) and seizures were scored on the
basis of behavior, as in Appendix D, Table I. Two hr later, seizures were halted by
injection of sodium phenytoin (50 mg/kg). (E) ZnT3™" mice (triangles), ZnT3” mice
(black ovals) and ZnT. 3" mice injected icv with CaEDTA (white ovals) had similar
seizure severities. Before seizures, TFL-Zn stain was present in the mossy fibers and
schaffer collaterals of the ZnT3"* (A), but not ZnT3" (B) hippocampus. After seizures.
TFL-Zn staining appeared in CA3 and CAl pyramidal cell bodies (black arrows) in both
ZnT3™" (C) and ZnT3” (D) hippocampus, and TUNEL-stain was evident in CAl
pyramidal cells (insets). Zinc accumulation and neuronal death were greater in the ZnT3"
" mice (D) than in ZnT3""* mice (C), and in the ZnT3™ hippocampus, CA1 cell death and
zinc accumulation were markedly attenuated by icv injection of 2 ul of 300 mM
CaEDTA (F).
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zinc accumulation and the number of TUNEL-stained neurons (Fig. 22 F), whereas
seizure severity was unaffected (Fig. 22 E). Thus, zinc still accumulates in the cytosol of
CA3 and CA1 pyramidal cells despite the lack of histochemically reactive zinc in the
terminals of mossy fibers or schaffer collaterals. Prevention of staining by the
extracellular zinc chelator CAEDTA indicates that the zinc is derived from an
extracellular source. The higher neuronal damage seen in the ZnT3™ hippocampus versus
the ZnT3™" hippocampus suggests that ZnT3 is neuroprotective for these neurons. Zinc
accumulation in the cytosol correlated well with neuronal damage (Fig. 22 C, D), and
zinc chelation significantly reduced neuronal damage in the ZnT3™ hippocampus (Fig. 22
F), as it does in wild-type mice (Koh et al., 1996), consistent with a toxic role for

cytosolic zinc accumulation following seizures.



DISCUSSION

This dissertation demonstrates that zinc is taken up into synaptic vesicles by a
mechanism that requires ZnT3 at the vesicle membrane. ZnT3 mRNA is present in the
cell bodies of zinc-containing neurons, and ZnT3 immunoreactivity is present on the
membranes of zinc-rich synaptic vesicles in the projections of those neurons. Removal of
ZnT3 prevents histochemically reactive zinc from accumulating in synaptic vesicles in all
of the zinc-containing regions of the brain and spinal cord we have examined. These
results, together with its homology to the zinc transporters, ZnT2 and ZnT4, suggest that
ZnTS3 transports zinc across the synaptic vesicle membrane. ZnT3*" mice have reduced
ZnT3 immunoreactivity on vesicle membranes and a corresponding reduction in vesicular
zinc, indicating that the amount of zinc within synaptic vesicles is limited by the
abundance of ZnT3 on the vesicle membrane. This is consistent with a steady-state
model for the regulation of vesicular zinc content, where vesicular zinc content is
determined by steady-state balance between influx and efflux, rather than a
predetermined “set point” (Williams, 1997).

As with the other members of this family, the mechanism of zinc transport is
unknown. Compared to the other members of the family, ZnT3 has a smaller
cytoplasmic loop between the fourth and fifth transmembrane domains, and this loop
contains fewer histidines (see Fig. 3; Palmiter and Findley, 1995; Palmiter et al., 1996).
Other proteins may be involved, because ZnT3 does not have any nucleotide binding sites
and zinc is transported into the vesicle against a strong concentration gradient.
Alternatively, zinc transport could be coupled to the energetically favorable transport of
another ion or solute, perhaps in an exchange reaction. ZnT3 depends on the vesicular
chaperone, AP-3, for appropriate cellular localization, as ZnT3 immunoreactivity is
reduced in mocha mutant mice, which lack the 8-subunit of AP-3 and consequently
exhibit reduced levels of synaptic vesicle zinc (Kantheti et al., 1998). The phenotype of
mocha mutant mice, which includes hypersynchronized theta rhythms, spontaneous

bursts of epileptiform activity, and loss of hearing, in addition to reduced vesicular zinc



(Noebels and Sidman, 1989), is much more severe than that seen in ZnT3" mice, as
would be expected if AP-3 is involved in the assembly of many vesicular components.

Disrupting ZnT3 prevented histochemically reactive zinc from accumulating in
synaptic vesicles. The remaining 80% of total brain zinc represents zinc that is
inaccessible to Timm stain or TSQ, presumably due to its tight association with
metalloproteins in other parts of the cell. In the absence of ZnT3-mediated zinc
sequestration, one might expect aberrant zinc homeostasis in other parts of the cell or in
the extracellular space (i.e., CSF). However, total zinc levels in the hippocampus and
cortex are only reduced by about 20%, which corresponds closely with literature
estimates of the relative contribution of vesicular zinc to total zinc in those regions
(Frederickson, 1989). Undoubtedly, there are efficient mechanisms that control zinc
concentrations in the cytosol and CSF, since zinc levels need to be maintained within a
narrow window to avoid the detrimental effects of zinc deficiency or toxicity. Thus, the
protein-bound zinc pools in the cytosol and CSF are probably unaltered in the absence of
ZnT3.

ZnT3 protein appears to be limited to the CNS. Zn73 mRNA was also detected in
germ cells in the testis, but neither Western blots nor immunohistochemistry revealed any
ZnT3 protein in the testis, and histochemically reactive zinc was unperturbed in this
organ. Normal levels of histochemically reactive zinc were also found in the pancreas
and salivary gland, indicating that ZnT3 is not responsible for zinc sequestration in those
organs. Other members of the ZnT family are likely candidates for regulation of these
peripheral pools of histochemically reactive zinc.

Because ZnT3 colocalizes with vesicular zinc and is required for the accumulation of
zinc in synaptic vesicles throughout the CNS, ZnT3 is a defining feature of the zinc-
containing neuron. Detection of ZnT3 mRNA in neuronal somata and ZnT3
immunoreactivity in projection terminals is useful for mapping zinc-containing pathways
in the CNS, which in the past has relied on autometallographic methods that are not
intrinsically specific for zinc or fluorescent compounds that do not give good cellular

resolution. This may be especially valuable for examining mossy fiber sprouting or other
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morphological rearrangements in post-mortem samples of epileptic human brain, which
often are not amenable to autometallography. As we demonstrated, ZnT3
immunoreactivity is detectable in the human brain, even at the ultrastructural level.

ZnT3” mice should not be capable of releasing zinc into the synaptic cleft, since they
no longer have detectable zinc in synaptic vesicles. However, our experiments
examining zinc translocation following seizures demonstrate that substantial increases in
extracellular zinc concentrations are possible following neuronal activation, even in the
absence of histochemically reactive zinc in synaptic vesicles. Indeed, in the absence of
ZnT3, extracellular zinc concentrations are probably even higher than in the wild-type
hippocampus. The source of this transient rise in extracellular zinc is unknown; our
experiments demonstrate that the major source of this zinc is not release of
histochemically reactive zinc from synaptic vesicles. Perhaps a histochemically invisible
pool of zinc is present in synaptic vesicles, and the zinc in these vesicles is released upon
neuronal activation. Consistent with this possibility, only a subset of vesicles within
individual mossy fiber boutons contains Timm stain (20-70% of vesicles). However,
since the percentage of Timm-positive vesicles varies with fixation and staining
conditions, we interpreted this absence of Timm stain in some vesicles to be due to a lack
of sensitivity of the procedure, rather than an accurate reflection of their zinc content.
Furthermore, ZnT3 immunoreactivity is present on all of the small clear round synaptic
vesicles in the bouton, suggesting that all of these vesicles have the capability of
accumulating histochemically reactive zinc. It seems unlikely that a synaptic vesicle
would be capable of independently regulating a histochemically reactive and
histochemically invisible pool of zinc. However, the invisible pool of zinc could reside
in a different compartment, e.g., protein-containing vesicles derived from the secretory
pathway.

When ZnT3” mice were used to assess the physiological importance of synaptic
vesicle zinc, most of the functions tested in these mice were remarkably normal. The
brain developed normally, with the hippocampus displaying normal ultrastructure. Thus,

despite its early presence during brain development (e.g., Vincent and Semba, 1989)
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vesicular zinc is not required for assembly of the neuronal architecture. Because ZnT3™
mice are indistinguishable from ZnT3*’* mice in most of the behavioral tests described
here, and because these behaviors undoubtedly depend on glutamate as a
neurotransmitter, it seems unlikely that glutamate storage or release are altered in the
absence of histochemically reactive zinc. Consistent with this, glutamate
immunoreactivity over mossy fiber boutons was normal in ZnT3 mice, and preliminary
electrophysiological studies of hippocampal slices from these mice have not revealed any
differences in glutamate-mediated responses (V. Lopantsev, unpublished data).

Tests of motor coordination, anxiety, hearing, olfaction, and nociception revealed no
differences between ZnT3™ and ZnT3*"* mice. Similarly, most of the tests of learning
and memory revealed no differences. However, in the platform reversal test of the
Morris water maze, ZnT3”" mice required one additional trial to extinguish the memory of
the previous platform location and learn the new platform location, indicating a possible
invoivement of synaptic vesicle zinc in memory extinction or relearning. When required
to retain a simple association between a dark chamber and aversive stimulus in the
passive avoidance paradigm, ZnT3” mice performed similarly as Zn73** mice. ZnT3™
mice also demonstrated normal spatial memory in the Morris water maze and normal
working memory and reference memory in the radial arm maze. While Zn73™ mice
made more working memory errors in trial 4 than ZnT3™"* mice at 4 wk post-training,
their performance at 1, 2, and 7 wk post-training was similar to that of the ZnT3""* mice,
suggesting that this difference was due to week-to-week variability in performance in the
task rather than a difference due to genotype.

Removing ZnT3 caused mice to be more susceptible to kainic acid-induced seizures,
indicating that the net effect of having zinc in synaptic vesicles is inhibitory for neuronal
excitability. Because ZnT3*" mice had intermediate levels of vesicular zinc and
intermediate seizure severities (relative to ZnT3** and ZnT3” mice), the enhanced
seizure sensitivity in these mice is likely to be due to dose-dependent removal of zinc
from synaptic vesicles. Inhibitory effects of zinc that could be relevant for its dampening

effect on seizures include antagonism of NMDA receptors (Peters et al., 1987; Westbrook
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and Mayer, 1987; Christine and Choi, 1990) and enhancement of GABA release, perhaps
via blockade of presynaptic GABAQ receptors (see Fig. 2 B)(Ben-Ari and Cherubini,
1991; Xie and Smart, 1991). Additionally, potentiation of AMPA receptor responses by
zinc (Rassendren et al., 1990) could result in an increased excitatory drive onto inhibitory
interneurons in the CA3 region (Fig. 2 A). Finally, kainate (KA) receptors are inhibited
by zinc in a subunit- and pH-dependent manner (D. Mott and R. Dingledine, personal
communication). Thus, in the ZnT3”" mice, loss of zinc inhibition could result in
enhanced KA receptor-induced depolarization as the pH declines during seizures.

While ZnT3” mice exhibited a very striking susceptibility to seizures elicited by
kainic acid, they showed similar sensitivities as ZnT3™* mice to other epileptogenic
drugs, and they were less sensitive than ZnT3*"* mice to bicuculline-induced seizures.
These other drugs all produce seizures, at least in part, by blocking GABA s-mediated
inhibition, suggesting that functional GABA4 receptors need to be present to reveal an
effect of zinc on seizure susceptibility. This suggests that the predominant dampening
actions of zinc on seizures may be due to enhancement of GABA-mediated inhibition.
rather than direct inhibition of post-synaptic glutamate receptors. KA is thought to
inhibit GABA release by inhibitory interneurons, and may also act directly on post-
synaptic glutamate receptors on pyramidal cells (Lerma, 1997). In the absence of zinc,
which normally would enhance GABA release and antagonize NMDA receptors, these
effects of KA would be even more pronounced. Finally, it is possible that the resistance
of ZnT3™ mice to bicuculline-induced seizures is due to compensatory upregulation of
GABA neurotransmission, i.e., ZnT3” mice have compensated for the inhibitory effects
of synaptic vesicle zinc by enhancing inhibition in some other way.

In the epileptic human brain and in many animal models of epilepsy, zinc-rich mossy
fibers sprout back across the dentate granule cell layer into the inner molecular layer of
the dentate gyrus (Babb et al., 1991; Franck et al., 1995; Represa et al., 1994). Their
aberrant terminal localization and their proximity to GABA receptors have prompted
investigators to postulate a role for zinc in the breakdown of inhibition that is associated

with seizure generation in epileptic hippocampus (Buhl et al., 1996). In the epileptic



human and mouse brain, we observed ZnT3 immunoreactivity and histochemically
reactive zinc in newly sprouted terminals that made contacts with both inhibitory basket
cells and granule cell dendrites, consistent with such a disinhibitory role for zinc. If
mossy fiber sprouting can occur in the ZnT3”" hippocampus, it will be interesting to see if
the absence of zinc in the new terminals allows them to augment inhibition (by increasing
the excitatory drive onto inhibitory interneurons) and thus control further seizures.
Synaptically-released zinc is thought to mediate much of the damage to neurons that
occurs following brain insults (Frederickson et al, 1988; Tonder et al, 1990; Koh et al.,
1996; Choi and Koh, 1998; Suh et al., 2000). In a direct test of the zinc translocation
hypothesis, we asked whether zinc still accumulated in the cytosol of CA3 or CAl
pyramidal cells of the ZnT3”" hippocampus after seizures, and whether removal of
synaptic vesicle zinc was neuroprotective. We demonstrated that zinc still accumulates
after seizures in the cytosol of CA3 and CA1 pyramidal cells in the ZnT3” hippocampus,
even though no detectable zinc is present prior to seizure in the mossy fiber or Schaffer
collateral terminals. We also discovered that severe neuronal damage is possible in the
absence of synaptic vesicle zinc. Indeed, zinc accumulation and neuronal damage were
more prevalent in the ZnT3”" hippocampus than in the ZnT3*"* hippocampus, suggesting
that zinc levels in the extracellular space might be even higher in the absence of ZnT3.
Perhaps by sequestering zinc in vesicles, ZnT3 facilitates clearance of zinc from the
synaptic cleft, thus keeping extracellular zinc concentrations low after neuronal insults.
Alternatively, the increased post-synaptic zinc accumulation and increased neuronal
damage could be due simply to more extensive electrographic activity in the ZnT3"

*’* and ZnT3™ mice had similar behavioral

hippocampus during seizures. Although ZnT3
seizure severities, our EEG recordings indicate that behavioral scoring is not a sensitive
indicator of electrographic seizure severity.

CaEDTA, an extracellular zinc chelator, prevented cytosolic zinc uptake in the ZnT3™
hippocampus, suggesting that the source of toxic zinc uptake is a transient rise in
extracellular zinc levels. Our experiments demonstrate that this increase in extracellular

zinc is not due to the release of histochemically reactive zinc from synaptic vesicles.
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Alternative sources of zinc release into the extracellular space might include: (1) release
of a histochemically invisible pool of zinc from vesicles in the presynaptic terminal; (2)
increased efflux of zinc from the cytosol of the post-synaptic cell by either ZnT1, which

is induced following ischemia in the gerbil (Tsuda et al., 1997), or by reverse operation of
a ZIP (zinc uptake) transporter; or (3) efflux of zinc from glial cells or other cells in the
vicinity (see Fig. 23). Whatever its source, this zinc is invisible to histochemical staining
reagents prior to seizure, indicating that before the seizure it is bound tightly enough to
render it inaccessible to TFL-Zn, Timm, or TSQ.

Interestingly, mice deficient in MT3 are also more susceptible to seizures induced by
kainic acid, and also show increased seizure-related damage (Erickson et al., 1997).
Furthermore, removal of synaptic vesicle zinc from the MT3-deficient brain by making
ZnT3/MT3 double knockout mice does not increase neuronal damage any further than
that seen in the absence of MT3 alone, suggesting that the neuroprotective effects of MT3
are related to its ability to bind zinc (Appendix D). Our results with seizure-related
damage in the ZnT3”" mice are also consistent with a toxic role for extracellular zinc.
Post-synaptic zinc accumulation correlated with neuronal death assessed by TUNEL
staining, and CaEDTA blocked both zinc accumulation and cell death, indicating that
zinc is involved in neuronal death. Because neuronal death is often delayed following
seizures or ischemia, lowering the levels of zinc in the extracellular space within 24 hours

of insult may be an effective way to reduce neuronal damage.
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Figure 23. Zinc release and uptake during brain insults.

Diagram of a zinc-containing terminal making contact with its target cell in the CA3 or
CALl hippocampal subregion, illustrating possible routes of zinc release and uptake
following a brain insult such as a seizure. The top panel illustrates the zinc translocation
hypothesis, which predicted the major source of toxic zinc to be the histochemically
reactive zinc in synaptic vesicles. Because our experiments demonstrated that synaptic
vesicle zinc is not the major source of toxic zinc, alternative sources are depicted in the
bottom panel.

(Top panel): The zinc translocation hypothesis suggests that zinc is released into the
synaptic cleft upon neuronal activation (histochemically reactive zinc is depleted from
synaptic vesicles, with concomitant increases in extracellular zinc). Under conditions of
excessive neuronal activity, zinc released into the synaptic cleft passes through ion
channels into the cytosol of the postsynaptic neuron, where zinc overload might
contribute to cell death. Presumably, zinc is taken back up into the presynaptic terminal
as well, through an unknown mechanism possibly involving zinc uptake by a ZIP
transporter and binding of zinc by MT3. MT3 knockout mice exhibit more severe
damage than wild-type mice in response t0 seizures, consistent with the possibility that
MTS3 recycles toxic zinc out of the extracellular space.

(Bottom panel): Zinc translocation is not the major source of toxic zinc accumulation
after seizures. Our experiments demonstrate that zinc accumulates in CA3 and CAl
target neurons even in the absence of synaptic vesicle zinc. Because an extracellular zinc
chelator prevented seizure-related zinc accumulation and cell death, this toxic pool of
zinc must have arisen from a transient increase in extracellular zinc levels. Illustrated are
several possible sources of extracellular zinc: (1) increased efflux of zinc from the cell by
either ZnT1, which is known to be induced during ischemia, or reverse operation of a ZIP
(zinc uptake) transporter; (2) release of a histochemically invisible pool of vesicular zinc
from the presynaptic terminal (perhaps regulated by ZnT4); and (3) release of zinc from
glial cells in the vicinity. In any case, prior to its accumulation in the cytosol, this zinc is
invisible to histochemical staining reagents (histochemically invisible zinc is depicted in
italics).
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FUTURE DIRECTIONS

ZnT3” mice should not be capable of releasing zinc into the synaptic cleft, since they
no longer have detectable zinc in synaptic vesicles. However, this hypothesis has yet to
be directly tested. It will be important to determine how zinc release and reuptake are
affected by the removal of ZnT3. Zinc release and uptake in the ZnT3™" brain could be
assessed in hippocampal slice preparations by stimulating dentate granule cells and
measuring zinc released into the perfusate or taken up into the mossy fiber region (Assaf
and Chung, 1984; Howell et al., 1984). However, robust neuronal activation (e.g., tetanic
stimulation or addition of kainic acid) is necessary in order to liberate detectable levels of
zinc. Under these conditions, vesicular release may not be the only possible source of
extracellular zinc. Alternatively, we have preliminary evidence (J. Wenzel, unpublished
data) suggesting that at the ultrastructural level, Timm stain accumulates over synaptic
contacts in the wild-type hippocampus after brief periods of anoxia or neuronal activity.
This may be due to release of zinc from the presynaptic terminal. Examining Timm stain
in the hippocampus of ZnT3"" mice during anoxic conditions will determine whether the
source of this zinc accumulation over synaptic contacts is the Timm-stainable zinc
normally found in synaptic vesicles.

Given the involvement of zinc in seizure-related neurodegeneration, high priority
should be given to identifying the source of the extracellular toxic zinc. Mice that lack
specific metallothioneins or zinc transporters (e.g., MT3 or ZnT4) could be tested for zinc
accumulation and neuronal damage following seizures. It will be interesting to see
whether the induction or function of ZIP or ZnT transporters or MTs are affected during
brain insults. The observations made here should be extended to address the involvement
of zinc in the neurodegeneration associated with ischemia and trauma. Further
investigation of how cytosolic zinc accumulation might trigger apoptotic or necrotic
mechanisms will be critical for identifying possible ways to ameliorate zinc-induced

neuronal damage following insults to the brain.



Given the possible role that zinc in newly sprouted mossy fibers plays in the
breakdown of inhibition associated with epilepsy (Buhl et al., 1996), it will be important
to see if mossy fiber sprouting occurs in the ZnT3”" hippocampus, and especially whether
the absence of zinc in the new terminals allows them to increase the excitatory drive onto
inhibitory neurons and thus augment inhibition. This is especially relevant given our
suggestion that the effects of zinc on GABAergic neurotransmission may be more
important than its inhibitory effects on glutamate receptors for the control of seizures.

Interpretation of the behavioral data presented here is complicated by the possibility
of developmental compensation. The decreased sensitivity of ZnT3” mice to low doses
of bicuculline is consistent with a compensatory increase in GABAergic
neurotransmission. Further substantiation of this compensatory increase in inhibition
would be useful, especially by examining changes in the abundance of specific receptors
or receptor subunits that are known to determine zinc sensitivity in vitro, such as the
gamma subunit of the GABA receptor. For the same purpose, electrophysiology would
be useful to examine responses mediated by GABA A, AMPA, or NMDA receptors.
ZnT3 is an ideal candidate for inducible knockout strategies, such as those that use
tetracycline to shut off expression in the adult, to bypass the problem of compensation
during development.

The mechanism by which ZnT3 transports zinc across the vesicle membrane is
unknown. It may act as part of a complex of proteins that could be identified by yeast
two-hybrid or crosslinking approaches. Disrupting ZnT3 lays the groundwork for future
experiments in mice, where functional domains or motifs of ZnT3 could be selectively
disrupted, or the expression of other genes could be directed to neurons where ZnT3 is
normally expressed. Removal of ZnT3 did not affect histochemically reactive zinc in
other organs outside of the CNS. Now that several ZnT and ZIP family members have
been identified, it will be straightforward to determine which of these proteins regulates
the specific pools of zinc found in the testis, pancreas, salivary gland, lung, intestine, or
other organs by examining their expression patterns and selectively disrupting the genes

encoding these transporters in mice.
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ABSTRACT The murine ZaTJ gene was cloned by virtue
of its homalogy to the ZaT2 gene, which encodes 3 membrane
protein that facilitates sequestration of zinc in endosomal
vesicles. ZnT-) protein is predicted to have six transmem-
brane domains and shares 52% amino acid identity with
ZaT-2, with the humoulogy extending throughout the two
sequences. Human ZaT-3 cDNAs were also cloned: the amina
acid sequence is 86%¢ identical to murine ZaT-3. The mouse
ZnT3J gene has 8 exons and maps to chromosome 5. Northern
blot and reverse transcriptase-PCR analyses demonstrate
that murine ZnT-3 expression is restricted to the brain and
testis. /a situ hybridization reveals that within the beain,
ZaT-3 mRNA is most abundant in the hippocampus and
cerebral cortex. Antibodies raised against the C-terminal tail
of maouse ZnT-3 react with the projections from these neurons
and produce 2 pattern similar to that obtained with Timm's
reaction, which reveals histochemically reactive zinc within
synaptic vesicles. We propose that ZaT-3 facilitates the accu-

mulation of zinc in synaptic vesicles.

Cyroplasmic zinc concentration is maintained within a narrow
range in mammalian cells (1). Zinc is required for the main-
tenance and activity of numerous metalloproteins where it
plays either a structural role (¢.g.. in zinc-finger proteins) or
catalytic function as part of the active site of various metal-
loenzymes (2). Cells can tolerate slight increases in zinc over
the amount required to fulfill metalloprotein needs, but be-
yond that excess, zinc becomes toxic unless cells can induce
protective mechanisms (1). One protective mechanism in-
volves the induction of metallothioneins that can sequester the
excess zinc (3). However, another important mode of zinc
regulation is likefy to be at the level of transporters that
facilitate zinc influx during deficiency and efflux during excess.
Some of the molecules involved in zinc transport have been
cloned receatly. ZRT]1 is a yeast protein with eight predicted
transmembrane domains that mediates high-affinity uptake of
zinc and is inducible by zinc limitation (4). A related low-
affinity zinc uptake transporter (ZRT2) has also been cloned
from yeast (5). Zinc efflux in mammalian cells is mediated by
ZnT-1, a protein predicted to span the membrane six times.
ZaT-1 is activated by excess zinc (1).

Zinc can also be concentrated in organelles in some cell
types. Vesicular zinc has been visualized in pancreas, salivary
gland, testis, and brain with the Timm’s sulfide ~silver staining
procedure (6), as well as with the fluorescent probes 6-me-
thoxy-8-p-toluene sulfonramide quinoline (TSQ) and zinquin
(7. 8). These probes do not react appreciably with Cytoplasmic
zZinc, suggesting that vesicular zinc is aot tightly complexed with
proteins. In pancreatic beta cells and male salivary glands, the
detectable zinc is in secretory granules (7, 8), whereas in the
brin the staining is predominantly in synaptic vesicles of
ncuronal axons (7). Neuruns coataining histochemically de-
tectable zinc are particularly abundant in the hippezzpal
formation and cerebral cortex. The most intense Timm's or
TSQ staining is seen in the “mossy fibers™ that project from the

The publication custs of this aeticle were defrayed in part by page charge
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granulc cells of the dentate gyrus to the CA3 region of the
hippocampus (9-12). Other regions of the hippucampus. cor-
tex, and amygdala are also reactive. These acuroas are thought
to be excitatory glutamatergic acurons (7). Specific transport-
ers arc probably essential to concentrate zine in varivus
vesicular compartments.

We cloned a gene encoding a zinc transporter (ZnT-2) thac
facilitates accumulation of zinc in endusomal vesicles and
confers resistance to zinc toxicity by complementation of a
zinc-sensitive baby hamster kidney (BHK) cell line (13). This
transporter is homologous to ZaT-1, but it is localized on
endosomal vesicles instcad of the plasma membranc. BHK
ceils expressing ZaT-2 accumulate detectable levels of zinc in
endosomes only when they are exposed to elevated levels of
extracellular zinc.

In the process of screening a mouse genomic A library with
rat ZnT-2 cONA, a homologous gene was cloacd. Hercin we
characterize that gene, which we call Za73, and show that its
mRNA is abundant in the hippocampus and cortex. The ZaT-3
protein is detected immunologically in the mossy fibers, where
zinc-containing vesicles are most abundaac. Overall, the pat-
tern of ZnT-3 expression resemblics that obscrved with the
Timm’s stain or TSQ. Because the zinc in synaptic vesicles is
coreleased with glutamate in response to high-frequency stim-
ulation (14, 15) aad can modulate the activity of various
receptors in vitro, including ionotropic glutamate receptors
and y-aminobutyric acid receptors (16-23), zinc has becn
postulated to function as a neuromodulator (7, 23, 25). We
progosc that ZnT-3 is an essential companent of the complex
that sequesters zinc in synaptic vesicles, enabling it to serve as
a neuromodulator.

MATERIALS AND METHODS

Cloning and Seq ing. A mouse (strain 129) genomic A
libeary was screened using rac ZnT-2 ¢cDNA as a probe at
reduced stringency. Eight clones were purified; four over-
lapping clones corresponded to mouse ZnT-2, whereas the
other four overlapping cloncs represented a related genc.
Most of the hybridization to the related gene was confined
to a 2-kb EcoR| fragment that was isalated and sequenced.
That EcoRI fragment was then used as a probe in a screen
of a mouse brain cDNA library (Stratagene). The cloac with
the longest insert was sequenced. An oligonuctcotide probe
based on the §° end of the cDNA scquence was uscd (o find
the carresponding exon in the genomic DNA, which was then
subcloned and sequenced. DNA scquencing was by the
didcoxyauclcotide method, using 7-dcaza-dATP and
7-dcaza-dGTP when necessary to resolve ambiguitics. The
c¢DNA was scquenced on both strands but the genomic DNA
was only sequenced on one strand. The human ZaT-3 cDNA

Abbrevigtions: TSQ, §-methusy-3-p-tolvenc sulfonamide quinaline:
BHK. baby hamster kidncy.

Data deposition: The sequences reported in this paper Aave been
depusited in the GenBank dara hase (accession aue. UTSNT for mouse
ZaT3 cONA, UTalng and UT6009 for mousc ZaT3 geaomic. and
U76010 for human ZaT3 ¢ONA scquences). .
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was isolated from a brain temporal cortex library (Strat-
agene) and sequenced on both strands.

Immunological Techniques. DNA corresponding to the
C-terminal 93 amino acids of ZaT-3 was amplified by PCR and
inserted. in-frame, downstream of the maltose binding protein
in pMAL-CR1 (New Eagland Biolabs). The fusion protein was
purified from Escherichia coli on amylosc resin and used to
immunize two rabbits (R & R Rabbitry. Stanwood, WA). The
immunoglobulin fraction was isolated by ammonium sulfatc
precipitation and affinity-purificd by passing it through a
column containing the same C-terminal tail of ZaT-3 fused to
a biotinylated peptide (PinPoint vector, Promega). The con-
centration of the purified antibody was 65 ug/ml.

For Western blats, ceil pellets or solid tissues were homog-
enized in 8 vol of sample buffer (2% sodium dodecyl sul-
fate/5% 2-mercapoethanol/SO mM Tris-HCL pH 7/10% glyc-
erol/0.01% bromophenol blue) and boiled, and aliquats were
electrophoresed on a 0.1% sodium dodecyl sulfate/10% poly-
acrylamide gel. The protcins were electrophorctically trans-
ferred to Hybond-C (Amersham). The aitrocellulosc was
soaked in 5 Blotto {PBS (138 mM NaCl/2.7 mM KC1/10 mM
phosphate, pH 7.3) coataining 5% nonfat powdered milk and
0.195 Tween-20] overnight at 4°C and then exposed to the
purified antibody (dilutcd 1:100 in 1% Blotto) overnight at
4°C. The filter was washed three times in 1% Blotto and then
incubated 1 hr with peroxidase-linked donkey anti-rabbit IgG
(Amersham) that was diluted 1:3000 in 1% Blotto. This was
followed by three washes in PBS/0.1% Tween-20, and the
bound antibody was visualized using the Renaissance Western
Blot Chemiluminescence reagents (DuPont/NEN) and ex-
posed to X-Omat AR film (Eastman Kodak).

For immunocytochemistry, tissues were quickly removed
from COs-asphyxiated CS7BL/6 mice into ice<old isopentane
for 20 sec and then stored at —80°C prior to cutting 10-um
sections. The sections were air-dried. fixed in 45 paraformal-
dehyde in PBS, rinsed twice in PBS. and then boiled for 8 min
in 10 mM citric acid using a microwave oven. The sections were
teturned to PBS and exposed to 3% H:O: for 15 min, washed
in PBS, and incubated overnight at 4°C with the primary
antibody (1:100 dilution) in PBS containing 19 bovine serum
albumin and 3% goat serum. After washing,. the sections were
incubated for 1 hr at 4°C with biotinylated anti-rabbit IgG.
diluted 1:200 in PBS (Vector Laboratories). The reaction
product was detected with streptavidin-peroxidase (1:20 dilu-
tion) using the AEC reagents from Zymed.

Timm's Staining. A modification of the Timm’s staining
procedure (26) was performed as described by Masters ef al.

-
RNA Detection. Total RNA was isolated from various
organs of adult CS7BL/6 mice using TRIzol reagent (BRL/
GIBCO). Complementary DNA was prepared from 2 ug of
total RNA using reverse transcriptase with oligo(dT) as a
primer. Aliquots of the cDNA were then amplified by 35 cycles
of PCR (94°C for 30 sec: 72°C for 90 sec) using the following
oligonucleotide primers from geaomic ZnT-1 sequence (1) 5
primer, GGCCAACACCAGCAATTCCAACG (l0tl): 3°
primer. AAGGCATTCACGACCACGATCACG (2470)].
from the mouse ZaT-2 cDNA sequence (13) [5° primer.
GTTGAGCTGGCTGTCCAGAGCAACC (133); 37 primer,
GCCGAAGTTCATGGTCTTGGTGGC (3i1)]. from the
mouse ZaT-3 cDNA scquence (this paper) [5° primer. GGC-
CAACACCAGCAATTCCAACG (371): 3° primer, AAG-
GCATTCACGACCACGATCACG (821)]. As a control for
RNA integrity, primecs for clongation factor la (EFla) cONA
(2S) were used at 94°C for 30 sec. 55°C for 30 scc. and 72°C for
60 sec [3° primer. ACATTAAGAAAATTGGCTAC (589): 5
primer, ATTGAAGCCCACATTGTCCC(592)]. The number
brackets refers to the location of the first base of the oligo-
nucleotide on the published sequence. All of the primer pairs
lic in separate exons to obviate any amplification duc to DNA
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contamination. The products were visualized by ethidium
bromide staining aftcr electrophoresis through 0.8% aga-
rose/2% NuSieve GTG agarose (FMC).

In Situ Hybridization. /n situ hybridization was performed
essentially as described by Marks er al. (29). Tissucs {rom
CS7BL/6 mice wcre preparcd as doscribed above. Frozen
coronal sections (10 um) were cut and placed on Superfrost/
Plus microscope slides (Fisher Scientific). The sections werc
heated to S0°C for 2 min, air-dricd 30 min, and stored at
—80°C. The dricd scctions were fixed in 4S5 paraformaldehyde
in PBS for 10 min at 4°C. After rinsing for two S-min periods
in PBS. the brain scctions were dehydrated through a graded
ethanol series to 70% cthanol. delipidated in chluroform for 5
min. rehydrated through the graded cthanol serics. and rinscd
in PBS for 5 min. Testis sections were not delipidated. To
decrease noaspecific binding. the scctions were treated with
0.25%% acetic anhydride in 0.1 M tricthanolamine (pH 9.5) for
10 min. After a brief rinse in PBS. the scctions were incubated
in 100 ul of hybridization mixture {507 formamide/ 1 X Den-
hardt’s solution/10% dextran sulfate/0.6 M NaCl/10 mM
NaOAc/0.15% Tween 20/50 mM dithiothreitc! (DTT)/
heparin sodium (Fisher Scientific) (50 ug/ml)/yeast RNA (0.5
myg/mi)/herring sperm DNA (0.1 mg/mi)] for 3 hr at 50°C
under a coverslip.

For the production of RNA probes. 1 ug of linearized
template DNA {ZnT3 cDNA (1956 bp) in Bluescript (Strat-
agenc)] was added to 3 20-ul reaction mixture containing 2 ul
of 10X transcription buffer (Boehringer Manaheim). 500 uM
ATP, 500 uM GTP, 500 uM CTP, § ul (3 uM) of [(PP|UTP
(Andotek, Irvine, CA). 40 units of RNAguard (Pharmacia).
and SO units of T3 or T7 RNA polymerase and incubated for
3 hrat 37°C. To destroy the template, the transcription reaction
was diluted to 40 ul with H:O and incubated with 1 ul (10
units) RNase-free DNase [ (Boehringer Maanheim) for 30 min
at 37°C. RNA was precipitated with 0.8 M LiCl and 3 vol of
ethanol and resuspended in 50 ul of 0.2x SET (2 mM Tris/1
mM EDTA/0.2% SDS). This procedure gave a yicld of 15.000
cpm/ng of RNA. The probe was diluted into fresh hybridiza-
tion mixture (2 ng of RNA per ul). The coverstips were floated
off the sections in PBS and rinsed briefly in PBS, 25 ul of the
probe solution was applied. and a coverslip was sealed in place
with a 1:1 mixture of petroleum ether and rubber cement. The
sections were incubated for =~16 hr at 50°C, after which the
sealant was removed, the coverslips were floated off in 4% S§sSC
(1% SSC = 150 mM NaCl/15 mM sodium citrate. pH 7.5).
rinsed for 10 min in 2 SSC with 2 mM DTT, then treated with
RNase A solution (RNase A at 20 ug/ml in 0.5 M NaCl/10
mM Tris. pH 8.0/10 mM DTT) for 30 min at 37°C. This was
followed by a series of washes: 2x SSC/50% formamide/ 10
mM DTT at 60°C for 30 min: 1< SSC/50% formamide/10 mM
DTT at 60°C (for brain) or 50°C (for testis) for 30 min: 0.1x
§SC at 37°C for 30 min. The sections were then dehydrated
through a graded ethanol secics, air-dricd for about 16 hr. and
coated with emulsion (NTB-3. Eastman Kodak). Coated slides
werc exposed to emulsion for various times (4-1 7 days) at4°C.
After developing the sections, silver grains were visualized and
photographed in dark ficld. using a Nikon Microphot FX
microscope.

Chromosemal Mapping. ZnT-3 was mapped tQ c!trumo-
some § as described (13). The approved designation for its gend
locus is ZnT3. The chromosomal map location is availablc on
the World Wide Web at hup://ww\v.jax.org/rcsourccs/
documents/cmddata.

Expression of ZnT-3 in BHK Cells. The ZaT-3 cDNA was
inscrted into the cloning site of pcDNAIL that had been
modificd to carry a dihydrofolate reductase gune driven by
simian virus $0 promoter/enhancer. This construct was trans-
fected into a zinc-sensitive BHK cull line (3256 -8-5) and cells
resistant to methotrexate were cloned (1). A clune with fh'-'
highoest level of ZnT-3 mRNA was selected for further studies.
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A derivative, ZaT-3:GFP, with the green fluorescent protein
(containing alanine at position 65) fused at the C terminus of

ZaT-3 was also prepared in this vector.

RESULTS

Claning and Characterization of Mouse ZaT3 Gene and
cDNA. Four overlapping mousc genomic cloncs were isolated
from a A library by screening with rat ZaT-2 cDNA. Restric-
tion mapping revealed that most of the hybridzation signal
corresponded to a 2-kb EcoRlI fragment that was subcloned
and scquenced. [t contained scveral putative exoas with
homology to ZnT-2 The EcoRl fragment was then used to
screen a mouse brain cONA library. The longest cDNA clone
was sequenced: it cogaincd an open reading frame encoding
a protein of 383 amin8 acids that is 2% ideatical to rat ZaT-2
(Fig. 1). We call the ncw protein ZaT-3 (Zinrc Transporter-3)
because of its similarity to ZaT-2. The two protcins arc
predicted to have similar membrane topology with six trans-
membrane domains and both N and C termini on the cyto-
plasmic side of the membranc.

Scven exons encoding most of ZaT-3 were located in the
A clones and sequenced. About 800 at corresponding to the
3° end of the cDNA were not included in any of the A clones;
however, PCR of mouse genomic DNA with opposing prim-
ers from each end of the missing 800 nt gave a product with
the same sizc as that obtained from the cDNA. indicating
that they reside within one exon. This exon, number 8, which
includes the C-terminal 50 amino acids and 3° untranslated
region, is located =1.05 kb downstream of exon 7, as
determined by restriction mapping. A composite map of the
mouse ZnT3J gene is shown in Fig. 28; the locations of the
introns are indicated in Fig. 2A4. Because thc genomic
scquence upstream of the §5° end of the ¢cDNA is G +C-rich
and lacks poteatial splice acceptor sites, we assume that this
is the first exon; however, no obvious TATA box was
discerned and the transcription start site has not been
mapped. Although the mouse ZaT2 gene has not been
completely characterized, its genomic organization appears
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FiG. 2. Secquence of mouse ZaT-3 cDNA, comparison of mouse
and human ZnT-3 protein sequences, and mous¢ ZaT-3 genomic
organization. (4) Mcuse ZaT-3 cDNA sequence with amino acid
sequence in three-lctter code above. Differences between humaa and
mouse ZaT-J ace indicated above the mouse protein sequence. Arraws
indicate the location of introns and numbers designate the flanking
exons. (8) A map of the mouse ZaT-3 genomic DNA showing the
location of 8 exons. The regions that have been sequenced are
indicated with a dotted linc.

to be similar to that of Zn73; both of these genes arc more
complex than ZaT!. which has only two exons.

Cloning Human ZnT-3 cDNA. The human countcrpart of
mousc ZaT-3 was cloned (rom 3 human temporal cortex
cDNA library in 2 A ZAP vector. Twenty-four cloncs were
identified by hybridization to mouse ZnT-J at low stringency:
sequencing revealed that they all represented parts of the same
cDNA. Two overlapping clones were sequenced to produce the
complete open reading frame, which encodes a prutcin of 383
amino acids that is 865 identical to mouse ZaT-3: the aminag
acid differences are shown in Fig. 2A4.

Chromasomal Mapping of ZnT-3. Genomic DNAs from
C357BL/6J and Mus spretus were digested with 10 different
enzymes. clectrophoresed on agarose. and teansfeered to ni-
troceltulose, and the blots were probed with the mouse ZaT-3
¢DNA. Polymorphisms were apparcnt for 8gftl. EcoRI. and
Mspl. The Bglll polymorphism was chosen to screcn 94
segregants of the Jackson Laboratory BSS backcross pancl
(50) using Southcera blur filters provided by the Jackson
Laborcatory BC Pancl Map Scrvice. This analysis indicated that
ZnT3 coscgregates with Nosd, Peplb. and PR on mouse
chromosome 5 nacar the engrailed (En) locus. Human ZaT-3
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was not mapped, but the syntenic region is on human chro-
mosomc 7. ZaTJ is on a different chromosome than ZaT2
which resides on mouse chromosome 4 (10).

Expression of ZaT-3 in BEIK Cells. Because the ZaT3 gene
was cloned by virtue of its homology to Za T2, it was tested for
its ability to confer resistance (o metals in zinc-seasitive BHK
cells. The ZaT-3 cDNA was inserted into an expression vector
with a DHFR-selectable gene, transfected into BHK cells and
a stable clones were isolated after growth in 20 uM metho-
trexate. Solution hybridization with aa oligonucifectide com-
plementary to ZnT-3 mRNA was used to identify clones with
the highest levels of ZnT-3 mRNA. Western blots revealed a
protein of the expected size in these cells (see below). Fluo-
rescence with zinquin was not observed in the transfected BHK
cells regardiess of whether they were incubated in normal
medium or in medium containing up 1o the maximum amount
of zinc they could tolerate. These cells were also compared
with the parenatal cells for their resistance to zine, cadmium.
cobalt, and copper toxicity. No resistance to the toxic effects
of any of these metals was obscrved (data not shown). We
conclude that expression of ZaT-3 in BHK cells has no
discerniblc effect on their phenotype, in contrast to the
pronounced effects of ZaT-1 or ZaT-2 expression in these cells
(L 13).

Expression of ZaT-3 in Vive. To determine where ZaT-3 is
expressed in vivo, total RNA was isolated from various mouse
organs and converted to cDNA with reverse transcriprase
using oligo(dT) as 3 primer. Aliquats were then subjected to
PCR using primers in exons 2 and 5 (see Fig. 2). A product was
detected by ethidium bromide staining with RNA from beain
and testis but not the other organs indicated in Fig. 3. [n
contrast, ZaT-1 is expressed in most organs and ZaT-2 is
expressed in intestine, kidney, seminal vesicles, and testis.

In situ hybridization with antisense RNA probes to mouse
ZnT-3 was used to determine which cells in brain and testis
express ZnT-3. Fig. 44 shows a coronal section of a mouse
brain, revealing hybridization to the hippocampal formation.
piriform cortex, and lateral amygdala, as well as several layers
of the neocortex. Hybridization was also detectable in the
paraventricular thalamic aucleus and the zona inserta. In the
hippocampus (Fig. 48), ZaT-3 mRNA is evident in granule celil
neurons of the dentate gyrus and in pyramidal cells in the CA3
and CAl regions. This hybridization pattern corresponds
closely to the cell bodies of neurons that sequester zinc in
synaptic vesicles (compare Fig. 4 D and F). Examination of
sagittal sections of mouse brain revealed the presence of ZaT-3
mRNA in the entorhinal cortex as well, whereas there was
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FiIG. 3. Organ distribution of ZnT-3. ZaT-L and ZaT-1 mRNAs.
Tutal RNA from the indicated organs was peepared and subjected o
reverse transcription followsd by PCR. The products were clectro-
phuresed through 237 agarvse and stained with cthidium bromide.
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nonc in olfactory bulb, cerebellum, or hypothalamus (data not
shown). In :hc_tcsn's. hybridization was confined to germ cells
and was most intense in pachytene spermatocytes and round
spermatids (data not shown). No specific hybridization to
cither brain or testis sections was obscrved with a ZaT-3 sease
probe (data not shown).

ZaT-3 Protein Is Present in the Mossy Fibers of the
Hipp pus That Seq Zinc in Synaptic Terminals. A
rabbit polyclonal antibody was raiscd against the C-terminal
cytoplasmic fail of mouse ZaT-3 and purificd by affinity
chromatography. The specificity of this antibody was asscsscd
by Western blots of total ccl! proteins from control BHK cells
and BP!K cells that were stadbly transfected with constructs
expressing ZaT-1 (1), ZaT-2 (12). or ZaT-3 (described above).
Only BHK cells expressing ZaT-3 reacted with this antibody.
indicating that it docs not react with the homologous protcins
(Fig. §). The specific band detected in the BHK ceils has an
apparent molccular weight of =30 kDa. An immunoreactive
protein of similar size was detected in brain samples, but no
protein of this size was detected in either the kidncy or testis
samplcs (Fig. 5). A faint band of lower molccular weight was
evident in testis aftcr longer development times.

When this antibody was applied to brain scctions, the most
intcnse immunostaining was observed over the mossy fiber
projections emanating from the granule cell acurons in the
dentate gyrus (Fig. 4 C and D). Projections from pyramidal
cells of the hippocampus and in the cortex also stained with
this antibody but not with preimmunc serum (data not shown).
The antibody staining pattern in the brain is very similar to the
histochemical localization of zinc by the Timm's reaction, which
detects loosely bound synaptic zinc (compare Fig. 4 C and £ with
D and F). The only exception being the dendritic ficld of the
dentate granulc cells that react with the antibody but not with
Timm’s staining procedure (compare Fig. 4 D and ).

Ncither Western blots of total testis proteins (Fig. §) nor
immunohistochcmistry on sections of adult testis using the
purified antibody (data not shown) gave a reaction under
conditions that worked well for detection of ZaT-3 protein in

the brain.

DISCUSSION

We have cloned mouse and human ZaT-3 ¢cDNAs encoding
membrane proteins that are homologous to the mammalian
zinc transporters, ZnT-1 and ZaT-2, as well as two yeast
proteins, ZRC and COTIL, that confer resistance to zinc and
cobalt, respectively. All of these proteins are predicted to have
six transmembrane domains with the N and C termini located
in the cytoplasm (1). The cytoplasmic loop connccting the
transmembrane domains [V and V is relatively short in 2aT-3
and lucks the characteristic histidines of ZnT-1 and ZaT-2. The
transmembranc domains and C-terminal tail of ZaT-3 (=150
amino acids) are similar to ZaT-2. Furthermorc. the exon-
intron structurcs of the ZaT-2 and ZaT-3 gencs are similar, but
unlike ZaT-1, which has only one intron. The low-stringency
screen of the human brain ¢ONA library only produced the
human counterpart of mouse ZaT-3, suggesting that if there
are other members of this gene family, they arc either too
divergent from ZaT-3 to hybridize or are not expressed in
temporal cortex.

The best clues for the function of ZaT-3 arise from its
expression pattern and its homology to ZaT-2, which facilitates
accumulation of zinc into vesicles in BHK cells. ZnT-3 mRNA
is detected only in brain and testis when measured by reverse
transcriptasc-PCR ar Northern blot analysis. ZnT-3 mRNA is
readily detected in the hippocampus and cortex by i situ
hybridization. Within the hippocampal formation, the cell
bodics of the granule cells in the dentate gyrus produce the
most intensc hybridization signal. while pyramidal cells in the
CA3 and CAl regions also give strong signals. All of these
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Fic. 4. Localization of ZnT-3 mRNA, protein, and histochemically reactive zinc in the brain. Coronal scctions of mousc brain were subjected
10 in situ hybridization with a 3P-labeled probe compiementary to mouse ZnaT-3 mRNA (A and 8), immunocytochemistry with affinity-purificd
fe icular zinc (£ and F). (8. D.and F, x2.3:

antisera raised against the C-terminal tail of ZaT-3 (C and D). and Timm's staining

pr Jure for

-

A. C and £, x0.7). In the hippocampus, ZaT-J mRNA is present in the cell bodics of dentate granule cells, and ZaT-3 protein is abundant in the
cl H, hij NCx, tex; PCx. piriform

zinc-rich mussy fiber projections emanating from these ncurons. A, amygdala (lateral ) PP P
cortex: PV, paraventnicular thalamic nucleus: ZI. zona inserta; GC, granule cell acurons of the dentace gyrus: hi, hi

1000 um (A) and 200 um (8).]

glutamatergic neurons have processes coataining vesicular
zinc as revealed by a variety of histochemical techniques
(9~12). The mossy fiber projections of granule cells produce
the most intensc staining foe histochemically reactive zinc with
the sulfide/silver or TSQ fluorcscence methods. The mossy
fibers also give the most intense reaction with the antibody
against ZnT-3, suggesting that ZnT-3 is transported down the
axons of granule cells in association with zinc. We also note ine
site hybridization signals and immunostaining in many regions
of the cerebral cortex that resemble the Timm's staining
pattern: however, because the cellular architecture of the
cortex is complex. we cannut be certain that ZaT-3 is localized
exclusively in neurons that sequester zinc.

Because ZaT-3 is homologous to ZaT-2, which has been
loealized to endosomes of BHK cells and facilitates accumu-

lus: mf, moasy fibers. (Bars =

lation of zinc in those vesicles (13), we predict that ZaT-3 might
also be localized to the membrancs of a cellular organcile. An
attractive possibility is that ZaT-3 is one component of a
complex involved in transport of zinc into synaptic vesicles. la
the hippocampus. the ZaT-3 protein is most abundant where
zinc-laden synaptic vesicles reside. which is consistent with it
being 3 membrane component of those vesicles. Howcever, it i3
also possible that other organelics are transported down the
axons of those neurons and ZaT-3 may be associated with
them, Electron microscopy of immunogold-labeied sections
after Timm’s staining should answer the question of whether
ZaT-3 is on the same vesicles that accumulate zinc in the mossy
fibcrs and clscwhere in the brain. .
We have no direct evidence that ZaT-3 transports zinc:
however. its homology to other zine transporters and its
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Fic. 5. Western blot analysis of ZaT-3 protein. Lanes [-4 repre-
sent equivalent amounts of protein isolated from confluent BHK cells:
untransfected cells (lane 1), cells expressing ZaT-1 (lane 2), cells
expressing ZnT-2 (lanc 3), and cells expressing ZaT-3 (lane 4). Lanes
5-7 represent total protein from brain (lane 5), testis (lane 6). and
kidney (lane 7). The amount of protein in all lanes was similar by
Coomassie biue 250 staining of a repli gel. Affinity-purificd
antibody to ZaT-3 was d i with a peroxidase-linked secondary
antibody by chemiluminescence.

association with vesicular zinc in the brain lends credence to
this hypothesis. Unlike ZaT-2 (13). expression of ZaT-3 in
BHK celis does not protect against zinc toxicity, does not result
in accumulation of zinc, and does not produce zinquin fluo-
rescence when the cells are grown in normal or zinc-
supplemented medium. We tested whether ZaT-3 might pro-
vide resistance to other heavy metals (copper, cobalt, or
cadmium) in cell culture, but none was detected. The mech-
anism of metal transport by members of this gene family arc
unknown. Presumably other components must be invoived
because these proteins do not have obvious ATP-binding
domains. Thus, one possible explanation for the lack of ZaT-3
function in BHK cells may be that it normally functions as part
of a protein complex and critical components of that complex
may be missing in BHK cells. BHK cells expressing ZnT-3 were
transfected with brain-derived cDNA expression libraries,
followed by selection for zinc resistance; however, no cDNAs
that could complement ZnT-3 were identified in this screen.

ZaT-3 mRNA. as detected bv Northern blot and reverse
transcriptase~-PCR, is more abundant in adult testis than in
brain and in situ hybridization reveals that ZnT-3 mRNA is in
developing germ cells. However, ncither Western blots noc
immunocytochemistry of testis scctions revealed any ZnT-3
protein. Northern blots of polysomal preparations from testis
indicated that the ZaT-3 transcripts were abundant on ribo-
nucleoprotein particles that sedimented slower than monori-
bosomes, rather than in the polysome region. suggesting that
this MRNA may not be translated efficiently (data not shown).
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A small amount of transiation at a late stage in spermiogenesis
might be undctectable by the techniques used.

The cloning of the mouse ZaT-3 gene provides an oppor-
tugity to inactivate it by homologous reccombination. This
could provide definitive evidence regarding the role of this
gene product in zinc sequestration. If inactivation of ZnT-3
prevents the accumulation of zinc in synaptic vesicles. as we
predict, it will provide a unique opportunity to explure the
function of this vesicular pool of zinc in acuronal function,
learning. and memory, as well as its contribution to various
disease processes.

We thank Glenda Froclick for preparing the histological sections,
Mark Fajardo for shacing the testis polysome Nuethern blots. and oue
cullcagues for valuable discussions during the coursc of this work and
preparation of the manuscript.
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Ultrastructural localization of zinc transporter-3 (ZnT-3) to
synaptic vesicle membranes within mossy fiber boutons
in the hippocampus of mouse and monkey

H. JGRGEN WENZEL®, Tosy B. Cotet, DONALD E. BORN?, PHILIP A. SCHWARTZKROINS,

AND RICHARD D. PaLMITERTY

Dcpartments of *Neurolugical
Washington, Scactic, WA 78195

Contributed by Richurd D. Pulmiter. September 9, (997

ABSTRACT Zinc transporter-3 (ZaT-3), 3 member of 3
growing family of mammalian zinc transpacters, is expressed
in regions of the brain that are rich in histochemically reactive
zinc (as revealed by the Timm’s stain), including entorhinal
cortex, amygdala, and hippocampus. ZaT-3 protein is most
abundant in the zinc-enriched mossy fibers that project from
the dentate graaule cells to hilar and CAJ pyramidal neurons.
We show here by electron microscopy that ZaT-3 decorates the
membeanes of all clear, small, round synaptic vesicles (SVs)
in the mossy fiber boutons of both mouse and moankey.
Fucthermore, up to 60-80% of these SVs contain Timm's-
stainable zinc. The coincidence of ZaT-3 on the membranes of
SVs that accumulate zinc, and its homology with known zinc
transparters, suggest that ZnT-3 is respaasible for the trans-
portof zinc into SVs, and hence for the ability of these neurons

to release zinc upon excitation.

Most of the zinc in the mammalian brain is associated with
metalloproteins; however, there is also a pool of histochemi-
cally reactive zinc that exists in synaptic vesicles (SVs) of a
subset of glutamatergic ncurons, which has led to classification
of these neurons as zinc-containing or zinc-ergic (1-4). Path-
ways utilizing this vesicular form of zinc have been mapped
using histochemical stains such as the neo-Timm’s sulfide-
silver method (5). selenium stain (6. 7). and the fluorescent
compound, TSQ (8). One of the best described zinc-ergic
systems is found in the rodent hippocampal formation. where
vesicular zinc can be detected in each component of the
trisynaptic circuit that includes (i) perforant path projections
from the entorhinal cortex to the outer molecular layer of the
dentate gyrus, (i) mossy fiber (MF) projections from granule
cells in the dentate gyrus to hilar neurons and pyramidal cells
in the CAJ3 region (4, 9-11). (iif) projections from CA3
prramidal neurons to neurons in the CAl region. and (iv)
projections from CAL to subiculum (3, 3). Electron microscopy
(EM) has revealed that the Timm’s stain precipitate is present
within SVs in the giant axonal boutons of the MFs in the hilus
and stratum (s.) lucidum (1. 2. 12). However, only =10-157
of the SVs within a given bouton have been shown to contain
Timm’s precipitate (2); thus. it has been difficult to ascertain
whether zinc is present in a subsct of vesicles or if it is present
in the same vesicies as glutamate.

Accumulation of zinc within SVs presumably depends on the
action of specific transporters, by analogy with the accumulation
of other neurotransmitters in SVs (13). A gene. designated zinc
transporter-3 (22 7T3). homologous to two established zinc trans-
porters (14, 15) was recently cloned (16). ZaT-3 was shown by in
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siru hybridization 0 be expressed at high levels in hippocampus
and ncocortex. Immunocytochemical studics demonstrated its
lucalization to the MFs, where the histochemical Timm's reaction
has revealed Zinc<containing SVs. This profile suggested that
ZaT-3 might be the vesicular zinc traaspourter respoasible for
sequestraton of zinc in MF SVs (16). but also raised questions
regarding the ultrastructural localization of ZnT-3 relative to zinc
and other neurotransmitters.

MATERIALS AND METHODS

Tissue Preparation. Eight mice (6 CS7TBL/6: 2 CS7BL/6x129).
ages 3-20 weeks, and five monkeys, (Mucaca nemesorina), age 1
year were used for light microscopy and EM immunocytochem-
ical localization of ZaT-3 and for histochemical localization of
zinc within the MF system of the hippocampus.

Mice were anesthetized with Nembutal (100 mg/kg. i.p.). then
perfused with isotonic saline with heparin (100 units/mi salinc),
followed by 4% paraformaldehyde in 0.! M sodium phosphatc
buffer (PB), pH 7.4, or by a solution containing 456 paraformal-
dehyde, 0.1% glutaraldehyde, and 0.1% picric acid in PB. [The
low leve! of glutaraldehyde was necessary to preserve immuno-
reactivity (IR) but resulted in suboptimal ultrastructure.] The
brains were removed and placed in the same fixative for 4 hr ac
4°C. Monkeys were anesthetized (Nembutal, 50-75 mg/kg) and
perfused transcardially with 4% paraformaldehyde in PB. Tissue
blocks from the temporal lobe, containing the hippocampus, were
dissected and cut into 1.5-mm thick slices thac were then placed
in the same fixative for 24 hr at 4°C.

After postfixation, the brains (mice) or slices (monkey) were
rinsed in PB, cryoprotected in 105% sucrose for 1 hr, followed by
30% sucrose for $-12 hr at 4°C, then frozen on dry ice. Transverse
serial sections, 30 wm for light microscopy and 80 um for EM.
were cut on a sliding microtome equipped with 3 freezing stage,
and sections were selected for further processing.

EM Detection of ZnT-3. An affinity-purified rabbit antibody
specific for ZaT-3 (16) was used to determine its ultrastruc-
tural localization. Scctions were rinsed in PB, followed by 0.1
M Tris-HCl buffer (TB). pH 7.4; then endugenous peroxidases
were inactivated by treatment with 0.5-1% H-O: in TB for 2
hr. Sections were treated with 35 BSA. 3% goat serum, and
0.25%2 dimethyl suifoxide in TBS (0.05 M TB/0.15 M NaCl. pH
7.4) for 1 hr to reduce noaspecific staining. Scctions were
rinsed in TBS for 30 min and incubated for 20 hr at .J’C in
ZaT-3 aatiserum. diluted 1:100 to 1:300 in TBS coataining !'.'a
goat serum, 2% BSA and 0.25% dimethyl sulfoxide. Following
rinses for 2 hr in TBS. sections were incubated in bio(ipyl:tcd
goat anti-rahbit [¢G (diluted 1:500) for 24 hr at 4°C, rinsed 2
hr in TBS and then incubated in ABC (Elitc ABC Kit: Vector

Abbreviations: SV, synaptic vesicle: MF, mossy fiber; MFD. MF
bouton: IR, immunorcactivity: ZaT-3, zinc tramporter-3: EML clov-
tron Micruscupy: .. stratum: GA BA. yaminubutyric acid. .
2Ty whom reprint requests should be addressed. e-mail: palmitere
u.washington.cdu.
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Laboratories), diluted 1:500 in 1% goat serum, 27% BSA.
0.25%% dimethyl sulfoxide and TBS for 23 he at 4°C. Scctions
were rinsed in TB (pH 7.6), then incubated for IS5 min in
0.025% 3.3'-diaminobenzidiac in TB. After reaction for 5-10
min in fresh 3.3’-diaminobenzidine with 0.003% H.Os:, sec-
tions were rinsed in TB, followed by PB. Specificity of the
immunostaining was evalyated by omitting primary antibody.

Scctions were further processed for EM by postfixation in 1%
osmium tetroxide in PB for 1 hr at 22°C, followed by alcohol
dchydration and flat embedding in Eponate 12 (Ted Pella,
Rcdding. CA) between two aclar sheets for 24 hr 3t 60°C. Sclected
immunoreactive areas were cut from embedded sections and
remounted with Eponate 12 on plastic blocks. Serial ultrathin
sections were cut close to the tissue surface, stained with uranyt
acetate and lead citrate. and examined on a Philips (Eindhoven,
The Netherlands) 410 electron microscope.

Pustembedding Detection of ZaT-3 and Clutamate. To
investigate colocalization of ZaT-3 and glutammate in SVs of
MFs, postembedding immunocytochemistry was performed as
described by Wenazel er ul. (17). Ultrathin sections from
Timm's-stained sections or glutaraldehyde/pacaformalde-
hydc-fixed tissue were etched with redox reagents (periodic
acid, sodium metaperiodatc) to reduce osmium staining and to
expose antigenic sites. Sections were then incubated with the
pramary antibodies—rabbit anti-glutamate (Sigma) diluted
1:10.000 or affinity-purified ZnT-3 antibody, diiuted 1:50 or
1:100—followed by goat-anti-rabbit IgG conjugated to gold
(10 am, Ted Pella). diluted 1:20.

Timm's Staining. For light microscopy detection in mouse
and monkey brains. a Timm's-staining protocol described by
Franck er al. (18) was adapted. Fixed hippocampal slices (1
mm) were immersed in 0.4 Na:S for 30 min, then fixed ~16
hr in 195 paraformaldehyde and 1.25% glutaraldehyde. The
fixed slices were cryoprotected, 30 um sections were mounted
and dried, and sections were immersed in developer [30 ml
gum Arabic (50%), 5 ml citrate buffer (2 M, pH 3.7), 15 m!
hydroquinone (5.679%) and 0.25 mi AgNO, (17%2)] for at least
60 min. A brief staining period was used in most cases to focus
on the densely reactive MF pathway: longer exposure times
revealed typical laminar Timm's profile in the dentate molec-
ular [ayer (not shown).

To increase the specific staining of zinc and improve visualiza-
tion of the MF system by EM. a variant of the neo-Timm's stain
(2. 5, 19, 20) was modified. After the initial fixation. the tissye was
transferred to a solution containing 3-4% glutaraldehyde, 0.1
Na:S. and 0.136 mM CaCl; in 0.12 M Millonig's buffer, pH 7.3, for
24 hr at 4°C. The tissue was transferred to cold 0.12 M Millonig's
buffer with 0.136 mM CaCl; and sectioned with a vibratome at 30
um. Sections containing the hippocampus were transferred to 3
fresh developing solution (60 ml gum Asabic (5052). 10 ml 2 M
citrate buffer; 15 mi hydroquinone (5.67%) and 15 ml silver lacrate
(0.73%%)] for 1 hr in the dark, with constant agitation (20), then
washed for 10 min and postfired in phosphate-buffered osmium
tetroxide for 1 hr. The tissue was dehydrated through alcohols to
propylene oxide, then flat-embedded in Eponate 12,

RESULTS

Morphological Characteristics of MF Boutons (MFBs) in
Mouse and Monkey. MF axons of the deatate granule cells
establish synaptic contacts with acurons in the dentate hilus
and with pyramidal cells of the hippocampal CAJ region (see
refs. 21 and 22 for reviews). MF axons ramify within the hilus,
and form unmyelinated avon buadles in the CA3 region,
forming a major band above the pyramidal cell bodics (s.
lucidum) and ramifying within and below the pyramidal celt
layer (s. pvramidale and s. oricns, respectively) see Figs. L4: 24
and refs. 22 and 23. MF distribution is similar in monkey and
rat hippocampus, although there are differences in MF tra-
jectories between primates and rodents (24). The characteristic
sltrastructural appearance of MF synaptic boutons is seen in
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both rat and monkey (23). [a our study. features of MF> and
their terminals in the mouse and monkey hippucampus were
consistent with previous descriptions (sce Figs. l and 2). The
MFs form two types of boutons: some arc relatively small
terminals. whereas others are larger and more irrcgular in
shape, with smaller vesicle-filled extensions arising from a
large varicosity. Both types of boutons have regions fillcd with
denscly packed, clcar, spherical SVs (35-45 nm in diameter);
a few densc core vesicles (60-140 nm): mitochondria; tubulcs
of the smuoth endoplasmic reticulum: and occasional micro-
tubules, ncurofilaments, and large clear vesicles (60-200 am)
(23. 25). In both the mousc and the mankey. the large MFBs
make two types of specialized contacts with CAJ pyramidal
cells and hilar acuroas: (i) symmutrical desmusome-like, aon-
synaptic junctions (puncta adhcrentia), characterized by sym-
metrical densitics in association with the proximal dendritic
shafts of CA3 pyramidal cells in s. lucidum (Figs. 20. 3 8 and
C): and (i) asymmetrical synapscs with complex branching and
invaginating spincs, called “thorny excrescences™ by Cajal (26).
arising from dendritic shafts and somata of CAJ and hifar
neurons (Figs. 1 £and F. 2 £ and F, and 34). For cumparison
with the rat hippocampus, sec ref. 25.

Localization of ZaT-3 and Zinc in MFBs from Mice. In
sections of mouse hippocampus stained with antiscrum to ZnT-3.
intense IR was obscrved within the MF system (Fig. 18). In
particular, those regions where MFBs contact the somata and
deadrites of hilar neurons and CA3 pyramidal cells stained
intenscly with the ZnT-3 antiserum. This pattem of ZaT-3 {R was
identical to the histochemical localization of zinc by the Timm's
reaction (Fig. 1A) and included suprapyramidal MFBs forming
an immunorcactive band in the s lucidum (arrow in Fig 18)
reaching from the hilus to CA3a. and intrapyramidal and infra-
pyramidal MFBs, the latter primarily within the CAJc subregion
(Fig. 1B).S. radiatum and s. oricns of CAl also stained foc ZnT-3,
as did the dentate outer molecular layer; the dentate inncr
molccular layer showed only light staining with the antibody (Fig.
18). Control sections not exposed to the primary ZaT-3 antibody
showed no {R (Fig. 3C).

At the EM level, ZaT-3 [R was observed in MFBs within the
hilus and the CA3 subregion (Figs. [ D and £). The intense ZaT-3
IR corresponded exclusively to MFBs; SVs of intemeurons in the
same sections were not stained (Fig. LD). Electron micrographs
of MFBs at higher magnification (Fig. 1F) revealed that ZaT-3
IR was localized uniformly to the membranes of spherical, clear
(agranufar) SVs. ZaT-3 IR associated with round clear SVs was
similar in both the small boutons on dendritic shafts (Fig. 38). and
large boutons associated with complex spines (Figs. 1£ and 3A4).
MFBs sampled from different locations in the hilus and the CA3
subcegion showed no dilference in the pattemn or intensity of
2nT-3 IR. [n the outer molecular layer of the dentate gyrus, less
intense ZnT-3 [R was observed oa SVs in some axon terminals
(Fig. 3D).

EM of Timm's-stained hippocampal scctions revealed Timm's
silver precipitace in regions corresponding to the MFBs (Fig. {C).
At higher magnitication. it was apparent that up to 6030 ol the
SVs of MFBs contain silver graaules (Fig. 1£). [n experiments in
which immunocytochemical staining for ZaT-3 was carricd out in
Timm's-staincd ultrathin scctions (using postembedding tech-
niques), the ZnT-3 associated gold particles were found exclu-
sively over Timm’s-positive MFBs (Fig. 3G). In addition. ultrathin
scctions reacted with an antibody against glutamate revealed
glutamate IR in MFBs (Fig. 34).

Localization of ZnT-J and Zinc in Monkey Hipp pus.
Using ZaT-3 immunocytochemistey, the pattern of MF col-
latera! extension outside the hilar region was somewhat dif-
ferent in primates comparcd with mice (compare Figs. [8 and
28). Ia the monkcy. MFBs that stain with Timm’s ccaction
product (Fig. 24) and ZnT-3 antibody (Fi3. 18) occupy the
hilus and entire CA3 region. Outside the MF system. ZaT-3 (R
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FiG. 1. Localization of hi
section of the hipp pus d
procedure; counterstained with cresyl

of the hippocampus reacted with an affinity-pucified antiserum against ZnT-3 procein. [R is intense in the zinc:
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ive zinc (4. C. £) and IR for ZaT-3 protein (8. D, F) ia the mouse hippocampus. (4) Tranaverse
ting intense reaction product in the mossy fiber (MF) system (dark band labeled “mf™) after Timm’s staining
violet. Note the lighter laminar staining in 1. radiatum (rad) and oricns (or) o('C_Al. (8) Transverse sction

rruws

g MF proj

indicate ZnT-3 staining in s. lucidum (luc), pyramidale (pyr) and oriens (ur) of CA3. The dentate outer (oml) and inacr (iml) molccular layers,

ive for ZnT-3. (C) Elcctron micrograph from the dentatc hilus

and 3. radiatum (rad) and oricns (or) of CAl also app

lightly im:

(indicated area in A) showing MF boutons (mfb) with high density of silver granules. (D) Electron micrograph from the dentate hilus (indicated
area in 8) showing intense ZnT-J [R in MFBs (mfb). Nate the probable interneuron teeminal (A) without ZaT-3 [R. making 2 symmetric synaptic
coatact (arruwhead) onto a dendrite (d). (E F) Higher magnification of MFBs from CAJ s. lucidum (indicated areas in A4 and 8) to demonstrate
the vesicular localization of zinc (£) and ZaT-J [R an synaptic vesicle membrancs (F). Other abbreviations: CAL CAJ hippocampal regions: DG,

dentate gyrus: hi, hilus; M, mitochondrion: S, spine: arrowhead. synaptic contact.

was observed in a prominent band in the dentate inner
molccular layer (but not the outer molecular layer); staining
was also observed in 5. radiatum aad s. oricns of the CAl
region (Fig. 28). At the EM level. the synaptic and nonsynaptic
junctions between MFBs and dendritic shafts, somata, and
thorny excrescances of CA3 pyramidal cells were similar to
thosc scen in mice (Figs. 2 D and F: 3 A and 8). Although
MFBs were larger in size and exhibited more synaptic contacts
per bouton in monkey than in mouse. there was no obvious
difference in SV populations or in the localization of ZaT-3 IR

to the vesicle membrane: the clear spherical SVs revealed
ZaT-3 IR associated with vesicle membrancs, irrespective of
bouton size, location, or species (Figs. |F and 2F). As in the
mouse. EM of Timm's-stained scctions of munkey hippocam-
pus revealed silver precipitate in many SVs of MFBs. albeit less
frequently than in mouse (Figs. 2 C and £).

DISCUSSION

This study reveals that ZaT-3 [R is localized to the membrancs
of all small, round. clear SVs of MFBs that have beea shown
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v 4SN
rotcin (8. D. F) in the monkey hippocampus. (A) Fruntal

Fic. 2. Loclization of histuchemically reactive zine (A, C £) and IR for ZaT-3 p
MF prujections (mi) within hilus and CAJ. Lighter Kaining

section of the hippocampus demunstrating intense Timm's stain for vesicular zinc in the
is scen in 5. radiatum and oricns and subiculum (Sud). (8) Froatal sectivn of the monkcy hippucampus.

ZaT-3 [R is prosent in the zinc-nch MF
radiatum (rad) and uricns (or) and in subicutum. (C) Elestrun

prujectivas (mf) in hifus and CAS reyiun: lighter IR is scen in the Jentatcimi. in CAL <
silver granules. (D) Elcctron micrograph from the <. lucidum

n}k{ugr:ph from the dentate hilus (indicated arca in A) shuwing MFDs lubeled with
(indicated arca in 8) demoastrating ZaT-3 [R in MFB8s that surround u dendrits (d).

<. lucidum. showing dark silver granules located in the clear rouad SV (£) High
25 ot a dendritic shatt (J. arrows). ZaT-3 R i localized (o the

contact with spines in CAJ

contact with 1 grant spine (arruwheads). abo making noasynaptic contag

of clear. round SVs within the buuton. Abbreviations as in Fig. L.

previously to contain excitatory amino acids (7. 27). The
majority (up to 60-80% in mouse MFB3) of these SVs also
contain Timm's reaction product. indicative of vesicular zinc.
The comparison of mouse to monkey revealed no specics-
related differences in the localizativa of ZnT-3 to SVy of
MFB;s. although there were differences in the general pattern
of MF distribution. Synapses of aonglutamatergic local cireuit
reurons. g, hilae inteencurons (Figs. 10,3 £ and £). did aot
show ZaT-3 [R.

Recent studics demoastrace signiticant difterences between
rodents and primates with respect to deadritic leageh (28). the
presence of basal dendrites (29). and basic ultrastructuree (30).

(&) Higher magnification of part of a giant MFDB in svaaptic
cr magnification af 3 MFDB  synaptic
muembranes

Our studics reveal anuther specics differency in the pattern af
MF projections to the pyramidal cells of the CAS region. In
mice. ZaT-3 and Timm's-pasitive MFBs were found in the
hitus. s. lucidum. s. pyramidale between the CAS pvrumidal
cells. and in 5. oriens wheee MEBs were rostricted to the CAle
sublicld: in contrast. in the moakey hippocampus the MFBs
that stain with Timm’s reaction product and ZaT-3 anubady
occupied the hilus and eatire CAS regiva. The appearaace ol
large MFBsin s lucidum and oricas in the moakey hippocam-
pus is cumisteat with observations by Seress (24). who puinted
out that larze MFBs form synapses with boch apical and basal
parts of the dendritic teeg in primates. whercas in radents
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localization on clear. round SVs in a MFB in synaptic contact with spincs (arruwheads). (8) ZaT-3 pusitive MFB making nonswnaptic cuntacts (arnm<)
uato 3 deadnite (d) in CAJ s lucidum. (€) Control section of the CAS < lucidum in which the antbudy against ZaT-3 protein was omitted: SVs in MFB
(mtb) ans devoid of ZaT-3 [R. The MEFB forms synaptiv contacts (arrowheads) with spina (s} and aomynaptic contacts with a Jendrite (ds arnnes). (D)
Synuptic buutun (S8) in the nuter mokecular layer of the dentate gyrus showing ZaT-3 [R an SV membrancs, (£) and (F) Hilar dendaiees (d) frum the
muonkey (£) and mouse (F) hippucampus. contacted by MFBs with intense ZaT-3 [R. Adjacent prosumably GABA-crygi terminals make wmaatng
waspti contacts (armowheads) and fack ZaT-3 [R un their SV, (G) Par of a large MFB showing visicular zing (large silver granules) and immunoGold
(Jumsen) partictes (10 am. 3) cornaspunding to ZaT-3 prutcin laboled by 3 pontembedding ImmunoGuld provedunc. (#) MFB with ImmunoGaid-labcling

of MF projections. Abbreviation aa in Fig. 1.

tor slutamace (10 am particlex. ) Jemunstrating slutamate as the necurotr

synapses with large complex spines are seen only in s, lucidum.
Another difference in the pattern of ZaT-3 [R (and Timm's)
was abierved in the dentate molecular laycer. [n mice, synapscs
of the perforant path showed ZaT-3 [R in the outer molecular
layer. whereas in the monkey the inner molecular laver stained
more intensely with the ZaT-3 antibody.

Evidence ubaiined from kinctic studics of zine turnover and
histochemical studics of zinc-containing boutons suggese that

zinc is sequestered in SV, and is refeased from boutons during
nuemal activity by cxocytosis of the zine-filled vesicles (3). A
zinc transporter lucalized to the SV membrance would provide
an effective means of luading the SV, and would be comistent
with both light microscopy studics showing ZaT-3 staming
pattern overlapping the MF distributivn (16) and with the
ultrastructural data showing its presence on SV membeane.
Various brain regions containing zine-cryic acuruns have been
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examined using EM techaiques after aco-Timm's or sclenium
staining. and in all cases the reaction product is restricted to the
presvnaptic boutoas of acurons (3. 19. 31). [a addition,
Timm’s-stainable zinc is also present in noancuronal cells in
the brain, ¢.g.. in the choroid plexus. Earlicr ultrastructural
investigations demuastrated that the zinc in synaptic boutons
is localized in the vicinity of presynaptic vesicies (1. 12) and
more recent studics indicate that the zinc is within individuat
vesicles (2. 19). Howcver, previous work indicated that only a
small fraction of clear, round vesicles in MFBs were reactive
for zinc (1-3). suggesting that a subclass of vesicles mighe
cuntain zinc. [n contrast, our study of Timm's-staincd material
demonstrates that the majority of SVs in MFBs contain zinc,
consistent with the obscrvation that all SVs were ZaT-3
pusitive. and thus presumably capable of facilitating zinc
uptake. It scems likely that the lack of Timm's reaction product
in individual SVs may represent vagaries of the methodology
(¢.g.. rapidity of fixation). rather than absence of zinc. We
suggest that all the SVs within MFBs cuntain both zinc and
glutamate. {n non-MFBs. e.g. boutons of eatorhinal projec-
tions in the outer molecular layer of mouse (Fig. 30). where
both Timm’s stainable zinc and ZaT-3 [R are less intense, alt
SVs still appear to react with the antibody. We suggest that the
level of ZaT-3 expression may vary in different zinc-ergic
neurons, but that all of their clear SVs are able to accumulate
zinc, perhaps proportionally to the density of ZaT-3; thus, the
amount of zinc in SVs would reflect ZaT-3 density. Clearly,
zinc is not an obligatory component of SVs containing exci-
tatory amino acids. because Timm's staining is aot observed in
many glutamatergic neurons (for review see Frederickson, ref.
3). It is not clear what signals direct ZaT-3 to SVs of MFBs.
[t is also not known whether ZaT-3 can associate with different
types of SVs (e.g. clear vs dense core vesicles). Thus, it is
possible that ZaT-3 expression in neurons that produce dif-
ferent kinds of vesicles could result in sequestration of zinc in
one population of SVs but not another. When ZaT-3 that was
tagged with green fluorescent protein was expressed in baby
hamster kidney cells it was clearly associated with vesicles:
however, ZnT-3 did not facilitate zinc sequestration in baby
hamster kidney cells. unlike ZnT-2 expressed in these same
ceils (15, 16); thus, other components of SVs may be necessary
for zine transport by ZnT-3.

Zinc is capable of modulating 2 variety of voltage aad
ligand-gated ion chaanels at physiological concentrations (5-
500 wM; ref. 32). Zinc inhibition of V-methyl-D-aspartate-type
glutamate receptors has been reported by many authors (33—
35). and variable effects of zinc have been observed on
noa-&-methyl-D-aspartate glutamate receptors (33, 34, 36, 37).
Zinc has also been shown to exert a pawerful modulatory
inhibition of y-aminobutyric acid (GABA)a ceceptors (33).
The MF system is particularly intcresting considering the role
that zinc might play in modulating transmitter-mediated ac-
tions. First. the MFBs have presyazptic kainate receptors (39).
and zinc modulation of kainate-induced currents appears to be
sensitive to synaptic calcium levels. which may vary in an
activity-dependent manner (40). Second. a-amino-3-hydroxy-
5-muthyl-4-isoxazolepropionic acid receptors are associated
with svnaptic contacts made by MF onto hilar mossy cells and
CAJ pyramidal cells ($1-43). Third, N-methyl-D-aspartate and
GABA receptor-mediated inputs to CAJ pyramidal cells occur
in s. radiatum and oricns, with strony GABAL inhibition
associated with somatically localized receptors (2. 33, 43).
Further. in various forms of hippocampal pathology (e.3..
mesial temporal sclerosis assuciated with temporal lobe epi-
lepsy). there is a sprouting of zinc-rich MFs back on to the
granule cells of arigin (18. 20, 46, 47). Their aberraat terminal
localization and theic proximity 0o GABA receptors have
prompted investigators to pustulate 3 role for zinc in the
breakdown of inhibition that is associated with seizure gener-
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ativn in cpileptic hippucampus (43). All of these receptors are
probably within range of zinc diffusion, especially after high
levels of activity that release large amounts of zinc. Given w0
many potential “targets.” the role of zinc in modulating the
receptor responses to transmitter refease during normal syn-
aptic transmission remains to be resolved. [nactivation of
ZaT-3 by gene-targeting will help define the role of zinc in
modulating synaptic activitics in the central acrvous system.
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Elimination of zinc from synaptic vesicles in the intact mouse brain by
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ABSTRACT The mammalian protein ZnT3 resides on
synaptic vesicle membranes of zinc-containing neurons, sug-
gesting its possible role in v far zinc tr t. We show
here that histochemically reactive zinc. corresponding to the
zinc found within synaptic vesicles, was undetectable in the
brains of mice with targeted disruption of the Za T3 gene. Total
zinc levels in the hippocampus and cortex of these mice were
reduced by about 20%. The ultrastructure of mossy fiber
bautans, which aoemally store the highest levels of vesicular
zinc, was unaffected. Mice with one normal ZaT3J allele had
reduced levels of ZaTJ prutein on synaptic vesicle membranes
and had intermediate amounts of vesicular zinc. These results
demonstrate that ZnT3 is required for transport of zinc into
synaptic vesicles and suggest that v larzincc ration
is determined by the abundance of ZaT3.

In the mammalian brain, $-15% of total zinc is concentrated
in synaptic vesicles in a subset of glutamatergic acuroas (1-3),
where it can be detected histochemically by using the neo-
Timm sulfide silver method (4), with a selenium seain (5). or
via the zinc-reactive fluoresceat compound V-(6-methoxy-8-
quinolyl)-p-toluene-sulfonamide (TSQ) (6). Histochemically
reactive zinc is present in many regions of the ceacral nervous
system (7, 8) and is especially abundant in the hippocampus (7,
9, 10).

Despite the abundance of zinc in the brain (0.15~0.2 mM in
gray matter) (8), little is known about the mechanisms con-
trolling zinc homeostasis in vivo. Excess zinc may be seques-
tered by metallothioneins (11, 12), taken up into organelles
(13). or transported out of the cell (14). Similarly, there are
likely to be specific transport mechanisms regulating zinc
influx. Under conditions of zinc toxicity, when extraceilular
zinc levels are high, zinc may enter into neurons via N-methyl-
D-aspartate (NMDA) receptors, a-amino-3-hydroxy-5-mechyi-
<-isoxazolepropionic acid (AMPA)/kainate receptors, volt-
age-dependent calcium channels. or transporter-mediated ex-
change with intracellular sodium (15).

We recently identified 3 putative zinc transporter. ZaT3.
that is expressed in zinc-containing ncuroas (16). ZnT3 be-
longs to a family of mammalian zinc transporters that includes
ZaTl, a ubiquitously expressed zinc effluxer (14): ZaT2, which
transports zinc into endusomal/lysosomal vesicles (13); and
ZaT4, which is essential for regulating the zinc content of milk
(17). ZaT3 is localized to the projections of zinc-containing
neurons, producing an immunohistochemical staining pattern
identical to that seen with the Timm stain for vesicular zine (16.
18). ZaT3 immunoreactivity is evident on the membranes of
zinc-rich (Timm-positive) synaptic vesicles (18). This localiza-
tion, together with its homology to the vesicular zine trans-
porcter, ZaT2 (16). suggested that ZnT3 might be responsibie
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fur the transport of zinc into synaptic vesicles. Here, we show
that ZaT3 is required for zinc transport into synaptic vesicles
and that vesicular zinc concentrations are scnsitive (o the
amuunt of ZaTJ present on synaptic vesicle membrancs.

MATERIALS AND METHODS

Generation of ZaT3 Knockout Mice. After isolating the
ZnT] gene from a 129Sv mouse genomic libracy (16). a
targeting vector was constructed by replacing a 4.3-kb Stul-
Al fragment encodiag the first four exons with a cassette
containing nuclear lacZ (nlacZ) and a ncumycin-cesistance
gene (neo’) driven by the polll promoter. Herpes simplex virus
thymidine kinase (TX) gencs were inserted 3 kb upstream at a
Notl site and | kb downstream of the neo” cassctte at a Nurl
site. Elcctroporation and selection of ABl embryonic stem
cells were performed as described previously (19). using 2 uM
gancyclovir. Three correctly targeted colonics were identificd
by PCR, using primers in the pol/l promoter and exon 7 of
ZnT3. Genotype was assessed routinely by duplicate DNA dot
hybridization of tail DNA with probes that lic withia the ZTJ
deletion and in nlacZ. [n some cases. Southern blot analysis of
DNA digested with NViel was used to confirm genotypes, using
3 380-bp Taq!l/EcoR I probe complementacy to the 3° untrans-
lated region of ZaT3. CS7BL/129Sv hybrid mice of the F2
generation were used in all experiments.

Temporal and Spatial Expression of ZrTJ. Western blotting
was performed as described (16), using a 1:1,000 dilution of
ZaT3 antiserum. ZnT3 mRNA levels were determined by
solution hybridization essentially as described (20). using a
riboprobe complementary to the 3° untransiated region of
ZnTJ3. Unhybridized RNA was digested with RnascA/
RnaseT! instead of Sl nuciease. Values are presented as
molecules of MRNA per cell, assuming 6.4 pg DNA perdiploid
cell (»n = 4 for each data point). Expression of nlucZ was
determined by staining tissucs with S-bromo-3-chloro-3-
indolyl-B o-galactoside (X-gail). as described (21). Before
staininy, the vertebral columa was decalcified by incubating 3
days in decalcification solution (0.34 M sodium citrate/22.5%
formic acid) at room temperature, with three changes of
solution. then rinsed in running tap water overnight.

Elemental Analysis. Dissected brain regions were weighed,
placed in acid-washed glass flasks. digested in 2 ml of ultrapure
nitric acid (J. T. Baker), evaporated to drynacss, and resus-
pended in 2.5 ml of 2% (vol/vol) nitric acid. Twelve clements
(AL As. B, Ca. Cu. Fe. K. Mg. Na_ P, Si. and Zn) were ass;scd
by inductively coupled plasma emission spectruscopy. using a
Jarrci-Ash 933 spectrophotometer. Ag. Ba. Cd. Co. Cr. Ma.
Ni. Pb. Sc. and V were below dutectable levels.

Abbecviations: ZaT3. ziac transpurtee 5: Zali ™' ", wild-tvpe:
ZaT3~/=, hoteruzyyous mutaat: ZaT3 =/~ humozygous mutant: TSQ.
Ne(R-methaty-S-y Ivl)p-tolucnc-sulfonamide:” s, seeatum: MFB.
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Fic. 1. Targeted disruption of the mouse Z«TJ genc. (4) Diagram
of the ZaT3 wild-type allele. targeting vector, and predicted mutant
allcle. The targeting strategy placed mlucZ into the ZnT3 locus. using
reo” for pusitive selection and herpes simplex vicus thymidine kinase
(TK) gencs for negative selectivn. The cight aumbered buxes represent
cxons. Humoalogous recombination in the regions indicated with an X
should result in 3 mutant allele as shown at the bottom. The black bar
represants the 380-bp Tugl/EcoR! probe uscd for Southern hybrid-
izatioa in B. A AT N, Nurl: Nb, Nhiel: No, Nocl: S. Stul. (8) Suuthern
blot of Nirel-digested genomic DNA from ZaTI~/~, ZaT3~/~. and
ZaT3-/~ mice. The probe detects 3 7.9-kb mutaat and 3.2-kb wild-
type {ragment. (C) Western blut of brain homogenates from 10-wk-old
ZaT3-/*, ZaT3=/-, and ZaT3~/~ mice. Equal amounws of total
protein were loaded into each well. ZaT3 peotcin, which migrates as
2 39-kD band. was uadctectable in the brains of the mutants and
reduced in the hetcrozygotes. The upper. noaspecific band controls for
loading diffecences.

Tissue Processing for Timm Stain and Electron Micros-
copy. Beain tissuc from 17 mice. agces 2-3 months. was pro-
cessed for light microscopy and electrun microscopy as de-
scribed (1S). The initial fixation was modificd by usiny cither
47z paraformaldehyde in 0.1 M sodium phosphate butfer, pH
7.4 (PB) (for immunocytochemistry). or 2% paraformalde-
hyde/2% glutaraldehyde in 0.1 M PB (for clectron microsco-
pY).
[mmunacytachemistry. ZaT3 and dvnorphin immunocyto-
chemistry were performed as described (1S, 22). To quantity
ZaT3 immunoreactivity, film acgatives of stained sections
were analyzed by using IMAGETOOL (University of Texas
Health Science Ceater. Sun Antonio. available at hypertink
{tp:// maxradé.uthscsa.edu) to measyre average gray-scale val-
ues of selected regions. Data are presented as mean = SEM of
16 sections for each genotype. For glutamate immunocyt-
chemistry. 3 rabbit aatiglutamate antibody (Sigma) was used
(1:10,000 dilution). followed by guat-anti-rabbit 3G corju-
gated  gold (10 am. Ted Pella. Redding. CA) (1:20 dilution).

Proc. Nutl. Acud. Sci. USA 96 (1999) 1717
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Fic. 2. 2ZaT3 is cxprussed in the central acrvous system. (A) ZaTl
MmRNA fevels in develuping mouse brain, assarscy by solution hybrid-
ization. Data are proented as mean = SEM. (B-F) Exprossion of
nlacZ (undee the coatrol of the ZnT3 promater) in the centead acrvous
stem of Ze T2~/ = mice. as detected by §-bromo—-chlurn-3-indolyl-3
o-zalactoside (X-gal) staining (white auclei, indicated by black ar-
ruws). alacZ is cxproscd ia 3 granulosum of the dentate gyrus (8). the
prtifoem curtes (€). and the cochicar auctcus (D). nlucZ cxpeeadion
was aot cumplctely penctrant. as cvident by the absence of stainung
(white arrows) in many arcas wheee ZaTJ is aormaily expressed. (£
and F) nlacZ is expressed ia laminac L. (L [11. and [V of the spinal curd
Jursal hom. Scctiuns were photographed uader dark-ficld illumina-
tion. [Bars = 500 um (8 and D); 200 um (C and £): 10U um (£).]

Timm Stain. Timm staining was performed by immersion in
sulfide solution (18). The mcthod described was modificd
slightly. After the initial perfusion with 4% paraformaldchyde
in0.1 M PB. brains were immersed in 3% glutaraldehyde/0.1%
N2:5/0.136 mM CaCl: in 0.12 M Millonig's bulfer. pH 7.3 for
43 he at 4°C. The tissue was transferred to cold 0.12 M
Millonig's buffer with 0.136 mM CaCls, then cryoprotected.
frozen oa dry ice, cut into 30-um sections. and mountcd on
gelatin-cuated slides. Sections were immersed in developer (30
ml gum Arabic (5072)/5 ml citrate buffer (2 M. pH 3.7) /15 ml
hydroquinune (5.67%)/0.25 m! AgNO; (17%)] for 6090 min.
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£i6. 5. Turtal zine is reduced in the hippacampus and curtee ot
ZaTi— = mice. Selected rogions of the beain wene diseted. and
clemental analysis was perfoemed tor 22 clement< including e (se
Materials and Motiods). Total zine was reduced by about 2077 ia the
== emice, and ZaT3* ~ mive had 4
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Fic. 4. Timm stain is undctectable in the brains of 273~/ mice. Compzrison of Timm stain between brains of ZaT3 /= (4. £ and .
ZuT-3°/- (8. F. and ). and ZnT-3-/~ micc (C. G. and /). (4-C) Coronal scctions through the midbrain. Timm stain in the hippucampus (K.
piriform cortex (P). acocortex (N), and amygdala (A) was conspicuous in the ZaT3°/~ brain (4). reduced in the ZrT3 "/~ brain (8). and
undetectahle in the braias of ZnTI~/ ~ mice (C). (D) Higher magnification of the choroid plesus from the lateral ventricle (indicated acca in C).
Timm stain was unperturbed in the ZnT5~/~ choroid plexus. (E-G) Higher magnification of Timm-staincd hippocampi from ZaTI /" (£).
Z1T3~/= (F). and ZaT3~/~ (C) micc. Timm stain was reduced (277 /=) ac absent (21 TT /) in the hilus (h). s lucidum (luc) of CAJ. and 5
oriens (ar) and s radiatum (Pad) of CAl and CAJ. (H-/) Elcctron micrographs of Timm-staincd MFBs in s lucidum of CAJ. taken from 3 ZaT5/ -
(H).2ZaT3°/~ (D). 3nd 3 Zn T3~/ = (/) mouse. Timm-positive vesiclcs were abundant in Za T3~/ = MFBs. whereas fewer vesicles were Timm-pusitive
in ZnT3*/~ MFBs. and no Timm-positive vesicles were present in ZaT3~/ = MFBs. Arrowheads copresent syraptic contacts made with 3 deadrite

(D) and dendritic spines (S).

For ultrastructural analysis. Timm staining was performed as
described (18).

N-(6-Methoxy-8-quinolyl)-p-Toluene-Sulfonamide (TSQ)
Histolluorescence. A working solution of TSQ (Molecular
Probes). prepared as deseribed (6, 23). was pipetted oato
unfixed frozen brain sections. Hippocampi were scanned un-
der UV illumination (351<362 am) with an ACAS 570 laser
cytometer (Meridian [nstruments. Lansing, MI). Emissions
>370 nm were recorded. aad images were analyzed on 3
DASY 90110 workstation (Meridian). Average fluorescence for
sclected regions was measured. then converted to percentage
of maximal fluorescence. which was observed in the wild-type
hilus. Regions selected for analysis included the hilus, CAS
[stratum (s) oriens and s lucidum]. CAL (5 rudiatum. s oricns.
and s pyramidale). and a small section of the dorsomedial
thalamus just beacath the dentate area of the hippocampus.
Fluorescence was quaatified from two coronal sectivns each of
the feft and right hippocampi of tive mice. Frozen sections of
mouse testis and panceeas were air-dricd. fixed in ice-cold
methanol. and stained with TSQ as above. Fluorescence was
visualized and photographed with a Nikon Microphot FX
microscupe. using 3 UV-2A tilter block (excitation, 330-380
nm: barrizr. 420 nm).

RESULTS

Disruption of the Murine ZnTJ Gene. The first four cxons
of ZuTJ3 were repiaced by a cassette that included alecZ and
nco® (Fig. L4). This construct was electroporated into embry-
onic stem culls. PCR analysis of 60 clones revealed three that
were targeted correctly. One of these produced chimeras thac
transmitted the targeted allele through the germ line. Fi
heterozygotes were generated by crossing the chimeras with
C57BL/6 females. The F2 progeny trom these mice. genotyped
by duplicate DNA dot hybridization or by Southeen blut
analysis (Fig. 18). were boen in the expected Mendelian ratu.
Mice heterozygous (26 T3 /=) or homozygous (Zn T3~/ ") tur
the diseupted allele showed no obvivus phenotypic differeaces
from their wild-type (Zn75°7°) littermates. Bady weight
lifespan, festility. and litter size were normal, aad the anee
showed o gross morphological abaormalities. ZaT3 protent.
assexsed by Wastern blot analysis of brain humogenates. was
reduced in the brains of Ze 75 = ~ mice and undetectable in the
beains of Zn T35 ™/~ mice (Fig. 1O).

lasertion of rdacZ into the ZnT5 lucus contirmaed the
patteras of Zn T3 exprossion seun previously by i sia hybrid-
izatinn (10). including expression in graaule cells of the
dentate gyrus, pyramidal celly of the CAS and CAl regtons,
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and the amygdala, acocortex. and piriform and entorhinal
cortices (Fig. 2 8 and C: data not shown for all regions). [n
addition, nlacZ expression was detected in the cochlear au-
cleus (Fig. 20), laminace [=IV of the dorsal hoen of the spinat
cord (Fig. 2 £ and F). and the testis. where ZaT3 mRNA is
abundant but not translated into protein (16). ZaT3 mRNA,
isolated from the braias of wiid-type embryos or pups and
quantificd by solution hybridizatiun. was ncgligible at birth,
then increased linearly, reaching 3 maximum at about 3 weeks
postpartum (Fig. 24).

Vesicular Zinc [s Eliminated from Brains of ZaTI =/~ Mice.
Tou determine whether the levels of zine or other metals were
altered upon disruption of Z2TJ. metal content was measured
by plasma cmission spectruscopy (Fig. 3). [n the hippocampus
and cortex, regions that contain abundant vesicular zinc (8).
toeal zine was reduced in the Za T35~/ mice by 2072 (P < 0.001.
Student’s ¢ test) and 23% (P < 0.01). respectively, whereas the
cerebellum and other (primarily thalamus and hypothalamus)
regions without appreciable levels of vesicular zinc were
unaffected (Fig. 3). Total zinc levels in the hippocampus and -
cortex of the ZaTI~/~ mice were reduced by 10 (P < 0.05,
Student’s ¢ test) (Fig. 3). None of the other L1 elements tested
(see Materiuls and Methods) showed any change in abundance.

To test whether vesicular zinc is altcred in these mice, we
used two stains for histochemically reactive zinc, Timm stain
and TSQ fluorcscence. Timm stain was reduced in the beains
of Zn T3/~ mice and eliminatcd from the brains of Z# T3/~
mice, including the staining normally seen in the hippocampus,
acocortex, piriform cortex, amygdaia (Fig. $ A~C), entorhinal
cortex. striacum, offactory bulb, and cochlear aucleus (data not
shown). [a the hippocampus. Timm stain was reduced
(Z#T3°/-) or undetectable (Zn73~/") in the mossy fibers
projecting from dentate granule ncurons to the hilus and s
lucidum aad s oriens of the CA3 region, and in projections to
s radiatum and s oriens of the CAl region (Fig. $ £-G). Timm
stain was undetectable in the ZaT3~/~ brain even after lony
histochemical-development times (>90 min) that normally
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produce intense staining in CAl and promincat staininyg in the
inner and outer molecular layers of the dentate gyrus (Jata aot
shown). [a contrast. Timm stain was readily detectable in the
choroid picxus (Fig. 40) and in convoluted tubulc celis of the
submaxillary gland (data noc shown). At the ultrastructural
level. Timm reaction product was present within synaptic
vesicles of mossy fiber boutons (MFBs) in the ZaT3~/ ~ beain
(Fig. 4#). whereas the aumber of Timm-positive vesicles in
ZnT3*/~ MFBs was ccduced (Fig. 4/), and no Timm-staining
was detected within synaptic vesicles of Z1 T3/~ MFBs (Fig.
4/). indicating that histochemically reactive zinc is climinaced
from synaptic vesicles in the beains of ZaT7 -/ - mice.
Vesicular Zinc Content [s Determined by the Abuadance of
ZnaT3 an Synaptic Vesicie Membranes. To investigace whether
the amuount of ZaT3 preseat on vesicle membranes was
reduced in the ZaT3°/~ brain. we 1 ZaTsi noce-
activity in the brains o ZaT3/ =, ZnT3~/ =, and Zn T3~/ ~ mice
at the light-microscopic and ultrastructural levels (Fig. 3).
ZaT3 immunoreactivity in the ZaT3 >/~ brain was evident in
the same arcas reported previously (16, 18). [n the carrespond-
ing rcgions of the mutant brain, ZaT3 immunorcactivity was
reduced (ZaT3 =/ 7) or undetectable (ZaT3 -/ ~). including the
amygdala. cortex. and hippocampus (for hippocampus, sce Fig.
5 A. C. and E: other rcgions. data not shown). ZaT3 immu-
aureactivity in the hippocampi of ZaT3*/*, ZaT3*/~, and
ZnT3~/~ mice was quantified by computer-assisted gray-seafe
analysis of film negatives (low gray-scale values correspond to
dacker ZnT3 immunostaining). (a the Z2 T3/~ hippocampus,
gray-scale valucs relative to the corpus callosum werc inter-
mediate in the hilus (Z#T3°/°,0.35 = 0.03: ZaT3/~,0.50 =
0.02: ZaT3-/~, 0.83 = 0.05) and s lucidum of CA3 (ZaT3°/ ",
039 = 0.04; ZaT53°/~,0.54 = 0.02; ZaT3~/~,0.81 = 0.05). At
the ultrastructural level, ZnT3 immunoreactivity was present
on all synaptic vesicles within Za73~/~ MFBs. similarly as in
the ZaT3°/= MFBs. but the intensity of ZnT3 immunoreac-
tivity was reduced (compare Fig. 5§ 8 and D). ZaTJ immuno-

reactivity was undetectable in MFBs of ZaTJ5~/~ mice

(Fig. 3F).

3 .___,‘.-...,.,,.;_’qi
~ntd

Fic. 5. ZaT3 immunucytochemistey in the Za 75~/ = (ot aad 8). ZnT5 '~ (C and D). and Zn T35/~ (£ and £} hippocampus. Comparcd with

the ZnT35 == hippucampus (A).

ZnT3 immunureactivity was reduced in manay arcas of the ZeTJ =/~ hippocampus (C) and was undutectable in
rographs of MFBs in s luidum (boxed arca in . C and £). ZaT3 immuaurcactiviy

the ZnTI~/= hippocampus (£). (8. D. aad F) Elcctrua mic
7= * MEBs (8). reduced an vasicls membranes of ZaT3 = MFB. (D). and wadetecrable

was conspicunus an synaptic vesicle membranes of Zn T3

on vesicle membrancs of ZaT3 =/~ MFBs (F). The number of imauturesctive vesicles in the ZaT3™ " and ZaT377~ MFOs was Jppr-?um.n.xc!_v
the same. Arrowhcads poiat (0 syaaptic contacts made with dendatic spina ($). H. hippocampus: DG. duntate jyrus: h. mlua: luc. ~ Tuciduem: or.

s oricns: rad, s radiatum: ml, molecular layer.
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TSQ fluurescence. a specific indicatur of vesicular zinc, was
used to curroburate the results scen with Timm stain and to
provide a quantitative comparison of vesicular zinc evels in the
hippocampi of ZuT-3°/*. ZnT-J */= and ZaT-3-/~ mice. TSQ
fluorescence was undetectable ia the ZnTI=/= hippocampus
(Fig. 64). but still abundant in differentiating spermatids in the
testis and in B-islet cells of the pancreas (Fig. 6 Cand D). TSQ
fluorescence was quantificd. using compures-assisted laser
cytometry, from scveral regions of the hippocampus and a
small region within the dorsomedial thalamus (Fig. 68). Av-
eraye flyorescence for each region was plutted as a percentage
of the maximal fluocescence, which was scea in the wild-type
hilus. TSQ fluvrescence in the hilus and regions CAJ and CAL
was absent in the ZnT3~/~ hippocampus (7 < 0.0001, Stu-
dent’s ¢ test), where it was even lower than the background
fluorescence., i.c.. that scen in the thalamus or corpus callosum
(Fig. 6.4 aad 8). TSQ fluvrescence in the Zn T3 '~ hippocam-

pus was reduced by $7% in the hifus. 39% in region CA3, and

505 in region CAL (P < 0.000L fur all regions. Student’s ¢ test)
(Fig. 68).

Ultrastructural Morpholagy of the ZaTJ~/~ Hippacampus
Is Nurmal. Examination of the hippocampi of adult ZaT3~/~
mice by light microscopy revealed no grossly aberrant mor-
phology. Stratum granulosum of the dentate gyrus and strata
pyramidale, oriens. and radiatum of the CAJ and CAl regions
were nocmal in appearance. and mossy fiber projections were
evident in s lucidum and s oriens of CAJ, as detected by
dynorphin immunoreactivity (data not shown). Ultrastructural
analysis revealed the Zn 73~/ ~ hippocampus to be normal with
respect to the celative aumber, distribution, and size of MFBs
in the hilus and s lucidum, as well as the number of synaptic
vesicles contained within the MFBs, the aumber of asymmetric

ZaT-3 +/- ZaT-3 /-

A ZaT-3 +/+

% ®oskmat fosrrreace

-y <y

FiIG. 6. TSQ fluorescence in the hippocampus. (A) Compurer-
gencrated images of TSQ fluor e in the hipp piof ZnTI=/*
(Left). ZnT371~ (Center). and ZnT3~/~ (Righr) mice. The bright
fluorescence in the hilus (Hi). s vricns and 3 lucidum of CAJ. and 3
odcns and s cadiatum of CAl was reduced in the ZaT3 */ = hippocam-
pus 3nd undetectable in the ZeTF=/ = hippocampus. TSQ staining was
also reduced in the acocortex (N). TSQ flunesscencs in the hippocam-
pus of the mutants was less than the autofluoesscence of the overlyinyg
corpus callosum (ce). (8) Quantification of TSQ fluorasscence in
tegions within the hippocampus by computer-assisied laser cytumetry.
Datz arc expressed as mean = SEM (4 = 5). (€) TSQ-staincd section
of 3 single seminiferous twbulc from the testis of 3 ZnT5=/~ muuse.
Spermatids poised at the lumen of the tubule fluarssced with TSQ.
similar to wild-type spermatids (nut shown). (D) TSQ-staincd pan-
creas from 3 2 T3 =7 = mouse. illustrating a single Istct of Langechans,
compused of beta cells that have an abundance of histochemically
reactive zine packaged in secretory granulss. [Burs = 30 um (C): 100

wm {0).]
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synaptic contactss made with dendritic spines (Fig. 7). and the
proxence of glutumate immunorcactivity (data aot showa).
MFBs in the ZnT3~/ " hippocampus shuwed normal charac-
teristic ultrastructure, with deasely packed clear. round syn-
aptic vesicles, a few dense core vesicles. and numerous mito-
chundria (Fig. 7). lacking oalv histochemically reactive zine
within the syraptic vesicles (Fig. 4).

DISCUSSION

Toguther with our previous observations (13). these studics
indicate that zinc is taken up into synaptic vesicles by a
transport mechanism that requires ZaT3 at the vesicle mem.
branc. Histochemically reactive zine was undetectable in the
braias of ZnT3 ™/~ mice. aad there was 3 curresponding 2075
reduction in total zinc in braia regivas in which histochemicaily
reactive zing is wsually detected. The remaining 80% of unc in
these regions ropresents Zine that is inaccessible to cither
sulfide or TSQ. presumably because of its tight association with
metalloproteins in different parts of the cell. The results are
consistent with previous studies suggesting that Timm stain
and TSQ fluorescence throughout the brain correspond ex-
clusively to zinc that is packaged into synaptic vesicles (3).

The ZaT3 =/ beain had an intermediate level of both ZaT3
protcin and histochemically eeactive zing. demonstrating that
the amount of zinc in synaptic vesicles is limited by the
abuadanace of ZaT3. This variation in ZaT3 immunorcactivity
extended to the ultrastructural level, where the intensity of
ZaT3 immunorcactivity on synaptic vesicle membranes in
ZaT3*/~ MFBs was reduced relative to that scen in ZaT5°/°
MFBs. but the aumber of ZaT3 immunorcactive vesicles
remained unchanged. The sensitivity of vesicular zinc levels to
the amount of ZnT3 present on synaptic vesiclc membeancs is
consistent with a steady-state model for the regulation of zinc
conteat in synaptic vesicles. In such a modcl. vesicular zinc
content is determined by steady-state balance between influx
and efflux. rather than a predetermincd “set point.” Only
steady-state mechanisms are predicted to be sensitive (0 the
amount of transporter (ZnT3) present on the vesicle mem-
brane (23). ZnT3 is similar to other synaptic vesicle transport-
ers in this regard (25. 26).

ZnT3 transports zinc into vesicles against 3 high concentra-
tion gradicat. but the driving force is not clear. ZaTJ may act
as part of a complex of proteins that mediate zinc transport.
ZaT3 appears o depend on the AP-3 vesicular chaperonc
complex for assembly into synaptic vesicles because mochs
mice. which lack the 8-subunit of this complex. have reduced
ZaT3 immunoreactivity in the hippocampus (27). [aterest-
ingly, the phenotype of mocha mice, which includes hypopiyg-
mentation., defects in hearing and neural activity, and piatelet
starage pooul deficiencies, in addition to reducad vesicular zine,

- 3
" - 34 d
. ;8 A

XV

£ic. 7. MEBs in the ZaT53~" - hippocampus show normal ultra-
structure. Electrun micrugraphs of MFBs in + lucidum uf CAS. taacn
from a4 ZaT3° = (4)and 2 ZaT53~°~ (8) mouse. ZaT3 =/ = MFBywere
normal with fapuct t thair size. the approumats aumber of smalil,
clear synaptic vesiclos cuntained within them. the aumbers and 1po
af synaptic contacss made with Jdeadaus spincy. and the presencs ot
mitechoadria. Nute the Bymmeteic svraptc contacts (arrowhcads) va
dendritic spines (S) and 3 pyramidal ol Jendnte (O
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is much morce severe than that scen in Zn T3~/ ~ mice. as would
be expected if AP-3 is involved in the assembly of muny
vesicular cumponeats. The hypenynchronized theta shythms.
spuntancous bursts of epileptifuem activity. and loss of hearing
seen in mocha mice (27, 28) are aot likely to be due exclusively
to the luss of vesicular zinc, because ZaT3 ™/~ mice can seill
hear more than 3 vear after birth. and they manifest normal
electroencephalugraphic activity (our unpublished observa-
tions).

ZaT5 is required fur sequestration of zinc in syraptic vesicies
of acuruns, whereas removal of ZaT3 did not affect the
histochemically reactive zine found in secretory granules of
pancreatic B-islet cells (29). salivary gland granular convoluted
tubule cells (30), geem cells in the testis (31, 32). oe cuboidai
cells of the choroid plexus (3). Other members of the ZaT
famuly are likely to be responsible fur comparimentalization of
zing in these and other cells.

Ziac is found solely in synaptic vesicles of glutamatergic
ncurons. but not all glutamatcrgic acuroas sequester zing (8).
This obscrvation. as well as the results presented here, suggest
that zinc is not required for utilization of glutamate as a
ncurutransmitter. Given the many poteatial aeuromodulatory
und acurotoxic roles of synaptically relcased zinc (33-33), it
will be interesting to sec whether neuronal activity oe excito-
toxic Jamage is altered in these mice. If zinc does act as a
neuromodulator. we predict that there will be 2 mechanism for
clearing zinc from the synapse (prubably a reuptake trans-
porter) and a mechanism foe shuttling zinc back into synaptic
vesicles. Members of the ZIP (36) family of metal iva uptake
transpurters and the zine-binding prutein metallothionein- {1,
which is expressed in zinc-coataining ncurons (L), are pos-
sible candidates for some of these pruccsses.
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Abstract

Synaptically released zinc has neuromodulatory capabilities that could result in either inhibition or enhancement of
neuronal excitability. To determine the net effects of vesicular zinc release in the brain in vivo, we examined seizure
susceptibility and seizure-related neuronal damage in mice with targeted disruption of the gene encoding the zinc
transporter, ZnT3 (ZaT3 =/~ mice). ZnT3 =/~ mice, which lack histochemically reactive zinc in synaptic vesicles,
had slightly higher thresholds to seizures elicited by the GABA, antagonist, bicuculline, and no differences in seizure
threshold were seen in response to peatylenetetrazol or flurothyl. However, ZaT3 =/~ mice were much more
susceptible than wild-type mice to limbic seizures elicited by kainic acid, suggesting that the aet effect of hippocampal
zinc on acute seizures in vivo is inhibitory. The hippocampi of ZaT3 =/~ mice showed typical seizure-related
neuronal damage in response to kainic acid, demonstrating that damage to the targets of zinc-containing ncurons can
occur independently of synaptically released zinc. Mice lacking the neuronal zinc-binding protein metallothionein [II
(MT-III) are also more susceptible to kainic acid-induced seizures. Double knockout (ZaT3 and MT3) mice show the
same response to kainic acid as ZnT3 =/~ mice, suggesting that ZnT3 and MT-III function in the same pathway.

© 2000 Published by Elsevier Science B.V. All rights reserved.

Keywords: Zinc: ZaT3: MT-UI: Mouse; Kainic acid; Bicuculline

matergic neurons (Haug, 1967 Pérez-Clausell

1. Introduction !
an8 Danscher, 1985; Frederickson, 1989), where

In the mammalian brain. 5-15% of total zinc it can be detected histochemically using the
(Frederickson and Moncrieff. 1994) is concen- neo-Timm sulfide silver method (Danscher, 1981).
trated in synaptic vesicles in a subset of gluta- with a selenium stain (Danscher, 1984), or via
: the zinc-reactive fluorescent compound N-

- . el  faee ) (6 - methoxy - 8 - quinolyl) - p - toluene - sulfonamide
206-?.?;(;:5?“'“ author. Tel: + 1-206-51360%0: fax: 1 (TSQ) (Frederickson et al., [987). Histochemically
reactive zinc is present in many regions of the

E-mail address: palmiter@u.washington.cdu (R.D. Palmiter)

0920-1211:00,$ - sce front matter € 2000 Published by Elsevier Science B.V. All rights reserved.
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CNS (Slomianka, 1992; Frederickson, 1989), and
is especially abundant in the hippocampus (Craw-
ford and Connor, 1972; Zimmer and Haug, 1978;
Slomianka, 1992). Zinc levels within neurons and
in the extracellular space are likely to be con-
trolled by membrane-bound zinc transporters of
the ZaT or ZIP families (Paimiter and Findley,
1995; Palmiter et al.,, 1996a.b; Huang and
Gitschier, 1997; Eng et al., 1998), and by metal
binding proteins such as metallothionein III (MT-
III) (Erickson et al., 1997). Zinc is taken up into
synaptic vesicles by a mechanism that requires the
zinc transporter, ZnT3, at the vesicle membrane
(Wenzel et al.. 1997; Cole et al.. 1999). Conse-
quently, mice with only one normal ZaT3 allele
have reduced ZnT3 immunoreactivity and a corre-
sponding decrease in vesicular zinc levels, and
mice lacking both ZnT3 alleles lack histochemi-
cally reactive zinc in synaptic vesicles throughout
the CNS (Cole et al., 1999).

The function of vesicular zinc is not well under-
stood. Zinc may facilitate storage of glutamate or
macromolecules within synaptic vesicles (Freder-
ickson, 1989), in a manner analogous to its role in
the storage of insulin in pancreatic B cells (Epand
et al., 1985) or NGF in the salivary gland (Patti-
son and Dunn, 1975). Altemnatively, zinc could
modulate neurotransmitter functions. Vesicular
zinc is released with synaptic activity or depolar-
ization (Assaf and Chung, 1984; Howell et al.,
1984; Charton et al.. 1985; Aniksztejn et al,
1987), and may reach concentrations of 100-300
BM in the synaptic cleft (Assaf and Chung, 1984).
Upon release, it could modulate the activity of
multiple ligand- and voltage-gated ion channeis
(Harrison and Gibbons, 1994; Smart et al., 1994).
Potential roles for synaptically released zinc in-
clude inhibition of NMDA receptors (Peters et al.,
1987; Westbrook and Mayer. 1987; Christine and
Choi, 1990), potentiation of AMPA receptor re-
sponses (Rassendren et al., 1990). inhibition of
GABA, receptors that lack y subunits (West-
brook and Mayer, 1987: Draguhn et al., 1990:
Celentano et al., 1991; Legendre and Westbrook,
1991; Smart et al.. 1991). and antagonism of
voltage-gated calcium channels (Winegar and
Lansman, 1990). In hippocampal slices, zinc ap-
plication causes giant depolarizing potentials (Xie

and Smart, 1991; Ben-Ari and Cherubini, 1991).
which are probably due to zinc-induced synchro-
nization of GABA release (Xie and Smart, 1991;
Lambert et al., 1992). Zinc also inhibits glutamate
uptake by the glutamate transporter EAAT-!
(Spiridon et al.. 1998; Vandenberg et al., 1998).

Thus. as a potential neuromodulator, zinc is
capable of exerting effects that could either inhibit
or promote ncuronal excitability, suggesting the
possibility of both pro- and anti-convulsant ef-
fects. Indeed. levels of cerebral zinc can be abnor-
mal in epileptic animals (Chung and Johnson.
1983; Kasarskis et al.. 1987; Fukahori et al..
1988). Intracerebral injection of zinc is epilepto-
genic in rabbits (Pei and Koyama. 1986) and ruts
(Itoh and Ebadi, 1982), and zinc application to
cultured neurons results in high frequency bursts
of action potentials (Mayer and Vyklicky. 1989).
In a kindling model of epilepsy. zinc can block
augmentation of GABAergic inhibition in dentate
granule cells, suggesting that zinc release from
sprouted mossy fibers reduces GABAergic inhibi-
tion in the epileptic hippocampus. (Buhl et al.,
1996). However, zinc chelators (Mitchell and
Barnes, 1993) and dietary (Fukahori and Itoh,
1990) or congenital (Feller et al., 1991) zinc defi-
ciencies are also associated with increased seizure
susceptibility. The mouse mutant, mocha, has re-
duced synaptic vesicle zinc and exhibits cortical
hyperexcitability, characterized by brief epilepti-
form discharges and high voltage synchronization
of theta rhythms (Noebels and Sidman, 1989;
Kantheti et al., 1998).

Zinc may also mediate neuronal damage in
response to brain insults (Choi and Koh, 19983).
Exposure of neurons to high concentrations of
zinc¢ is toxic (Yokoyama et al., 1986; Choi et al.,
1988; Lees et al., 1990). presumably due to intra-
cellular accumulation of zinc after uptake through
NMDA receptors (Koh and Choi. 1994), voltage-
gated Ca** channels (Freund and Reddig. 1994;
Sensi et al.. 1997). AMPA/kainate receptors (Yin
and Weiss. 19935; Yin et ai., 1998), or via trans-
porter-mediated exchange with intracellular
sodium (Sensi et al.. 1997). The translocation of
zinc from presynaptic terminals to postsynaptic
cell bodies may be responsible for much of the
neuronal degeneration secen  after prolonged
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seizures (Sloviter, 1985; Frederickson et al., 1989;
Weiss et al.. 1993) or transient global ischemia
(Tonder et al., 1990; Koh et al., 1996). In the
gerbil hippocampus. transient ischemia is associ-
ated with increased expression of the zinc trans-
porter, ZnTl, which is thought to protect cells
against zinc toxicity by facilitating zinc efflux
(Palmiter and Findley. 1995; Tsuda et al., 1997).

Mice deficient for the zinc-binding protein MT-
IIL (MT3 -/~ mice) have decreased zinc levels in
the hippocampus but no reduction in vesicular
zinc (Erickson et al., 1997). These mice are more
susceptible to seizures induced by kainic acid
(KA) and exhibit increased neuron injury in the
CA3 region (but not the CAl region) of the
hippocampus (Erickson et al., 1997). Conversely,
mice that overexpress M T3 show similar sensitiv-
ity to KA-induced seizures as wild-type mice, but
exhibit less neuronal damage in the CA3 region
(Erickson et al., 1997). The inhibitory effect of
MT-III on seizure activity could be due to its
possible role in the transport of zinc (an in-
hibitory neuromodulator) from sites of cellular
uptake back to synaptic vesicles, which would
serve to replenish vesicular zinc stores (Erickson
et al., 1997), or its function could be unrelated to
synaptically released zinc, e.g. as an oxygen radi-
cal scavenger (Coyle and Puttfarcken, 1993). If
MT-III is important for recycling zinc, removal of
MT-III from ZaT3 /'~ mice should not exacer-
bate their susceptibility to KA-induced seizures
because there would be no synaptic zinc to recy-
cle. However, if MT-III has functions that are
independent of synaptic zinc release, then the
seizure phenotype of double knockout mice might
be more severe than either alone. Similarly, the
apparent protective effect of MT-III on seizure-in-
duced neuronal damage could be due to the zinc-
binding properties of MT-III, or it could be due
to other functions of MT-IIL If MT-III protects
against zinc-mediated damage by facilitating the
clearance of zinc from the synaptic cleft, its neu-
roprotective capabilities would be ineffective in
the absence of synaptically released zinc, and its
removal from the brains of Zn73 =/~ mice would
not increase KA-induced damage to CA3 pyrami-
dal cells. However, if the neuroprotective func-
tions of MT-III are unrelated to vesicular zine,

double knockout mice might show increased neu-
ronal damage.

To determine which functions of zinc are rele-
vant for seizures and neuronal damage in vivo, we
used several different drugs to induce seizures in
2ZnT3 '~ mice, which lack vesicular zinc, and are
thus incapable of releasing zinc into the synaptic
cleft. We also address the question of whether the
functions of MT-III and ZaT3 are inter-related
with respect to their effects on scizures and
seizure-related neuronal damage by examining the
seizure phenotype of double knockout mice.

2. Materials and methods
2.1. ZnT3='= and MT3~'~ mice

Generation of ZnT3~'~ and MT3~/~ mice
has already been described (Erickson et al., 1997;
Cole et al.. 1999). Wild-type (ZnT3 /"), het-
erozygous (ZnT3 /") and mutant (ZaT3-/")
C57Bl/6 x 129/sv] hybrid mice, 4-12 weeks old,
were produced for this study by mating Fl or F2
mice that were heterozygous for the disrupted
ZnT3 allele. The offspring of these crosses were
genotyped by dot biot hybridization or PCR anal-
ysis of tail DNA, as described (Erickson et al.,
1997; Cole et al., 1999). Mice were age and sex-
matched, and littermates were used as controls
whenever possible. For experiments involving
MT3 =/~ mice, all mice were produced by first
crossing ZnT3~/~ mice with MT3~/~ mice,
then mating the offspring (which were hemizygous
for both ZnT3 and MT3) to produce all possible
genotypes. Genotypes were confirmed by South-
ern blot.

2.2, Seizure induction with kainic acid.
bicuculline, pentylencterrazol, and flurothy!

For kainic acid (KA). (+ )-bicuculline. and
pentylenetetrazol (PTZ). mice were injected in-
traperitoneally with stock solutions prepared as
follows: 4 mg/ml KA (Sigma) in water, adjusted
to pH 7.2 with NaOH; ( + )-bicuculline (Sigma).
dissolved in 0.1 M HCI, adjusted to pH 4.5 with
NaOH. then adjusted to a final concentration of
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0.5 mg/ml by adding normal saline; 18 mg/ml
PTZ (Sigma) in phosphate buffered saline, pH
7.4. After i.p. injection. mice were observed in
clear plastic cages for the entire duration of
seizure (2 h for KA; | h for bicuculline: 30 min
for PTZ), and the incidence and latency of be-
havioral seizures were recorded. The maximum
behavioral seizure severity was scored as de-
scribed (Racine, 1972)(see Table 1), with status
epilepticus leading to death being scored as
stage 6. Myoclonic jerks. which were more com-
mon and more pronounced with bicuculline
than with kainic acid. were scored as stage 2
seizures. For mice implanted with electrodes,
KA was injected subcutaneously. Flurothyl
(2.2,2-trifluoroethy! ether, Aldrich) was adminis-
tered by infusion (20 ul/min) onto a paper filter
suspended 11.5" from the bottom of a 14 x 6 x
7.5 plexiglass chamber. The incidence and la-
tencies of seizure behaviors (twitch, myoclonic
jerk, tonic/clonic seizure. tonic extension) were
recorded from the start of infusion until the on-
set of the second generalized seizure, at which
time infusion was terminated and the chamber

opened to room air.

2.3. Electroencephalography

Electrodes for monitoring electroencephalo-
graphic (EEG) activity were surgically implanted
under ketamine/xylazine anesthesia. Micro-
screws (stainless steel), inserted into burr holes
in the cranium (AP -2.0 mm, L +1.75 mm),

Table |
Scizure severity scoring for kainic acid. bicuculline., and

pentylenetetrazol

Score  Behaviocal responsce

No response
Staring/unresponsive

Focal clonic convulsion (e.g. Head nod/twitch/my-
oclonic jerk/backing)

Forelimb clonus (tenic/clonic seizure)

Rearing

Loss of posture (e.g. jumping/rearing and falling)
Status epilepticus/death

9 —0

[« JLV. R Sy WY

served as epidural recording electrodes, and
were cemented in place with dental acrylic. A
reference electrode was positioned 0.5 mm ante-
rior to bregma and a ground was positioned
over the cerebellum. A twisted pair of fine wires
(76-um diameter) was stercotaxically placed in
the right hippocampus (AP -23 mm, L 2.0
mm, D |.8 mm). Electrodes were attached to a
micropiug. which was cemented to the cranium.
A DEEG/Video Monitoring System (Telefactor)
was used to record EEGs and simuitancous
video images of mouse behavior.

2.4. Damuge assessment

Three days after administration of KA. mice
were killed by CO, asphyxiation then perfused
with 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4. Paraffin-embedded sections (7
um) were stained with either cresyl violet or he-
matoxylin/eosin. Sections were examined and
photographed on a Nikon Microphot FX micro-
scope. Damage was assessed by determining the
percentage of nuclei that were pyknotic. averag-
ing the left and right hippocampus.

2.5. Statistical analysis

Maximum seizure severity scores did not usu-
ally follow the normal distribution, so the non-
parametric Mann~Whitney U-test (two-tailed)
was used to test for differences in the distribu-
tion of severity scores at each dose of convul-
sant. Incidence of myoclonic jerks and
tonic/cionic seizures were analyzed by probit
analysis (Finney, 1971), which aillowed calcula-
tion of the estimated dose (ED) sufficient to
produce seizures in 20% (EDyy). 50% (EDy,), or
90% (EDgg) of mice. r* analysis revealed no sig-
nificant heterogeneity of discrepancies between
observed and expected values from the probit
analysis, allowing assignment of 95% fiducial
limits to the EDs. EDg. and EDgy. A two-
tailed Student’s 7-test was used to test for difTer-
ences in the mean for various parameters of
electrographic seizures and for latencies to
flurothyl-induced seizures. Data in all figures are
presented as mean +S.E.M.
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Fig. 1. ZaT3 -/~ mice show similar scizure sensitivities to

PTZ as ZnT3 = '~ mice. (A) Dose response graph showing the
percentage of mice responding with at least 3 stage-2 seizure
(myoclonic jerk). (B) Percentage of micc responding with a
stage-3 seizure (tonic/clonic seizurc) or higher. (C) Maximum
behavioral seizure severity score at various doses of PTZ.
There were no significant diffcrences in scizure scverity in
response to PTZ. Numbers above the buars represent n values.

3. Results

3.1. ZnT3~'~ mice do not display spontancous
hyperexcitability

Under normal conditions ZnT3 -/~ mice are
indistinguishable from wild-type mice. Tests of
motor coordination, hearing, olfaction. anxicty,
learning and memory have not yet revealed any
abnormalities (Cole and Palmiter, unpublished
observations). They are active and fertile, and the
brain appears to have developed properly. includ-
ing regions that are normally zinc-rich like the
hippocampus (Cole et al., 1999). [n coatrast to
other epileptic or seizure-prone lines of mice
(Homanics et al., 1997; Kash et al., 1997; Smart et
al., 1998), ZnT3 -/~ mice do not exhibit sponta-
neous seizures, nor were we able to induce
seizures acoustically (115 dB for 60 s) or by
handling (data not shown).

3.2. ZnT3~'~ mice are similar to wild-type mice
in their sensitivity to seizures elicited by
pentylenetetrazol and flurathy!

The effects of removing zinc from synaptic
vesicles may be most pronounced under condi-
tions of high neuronal activity. To determine
whether the net effect of zinc release during pro-
longed neuronal firing is excitatory or inhibitory.
we tested seizure susceptibility of ZaT3 '~ mice
in a number of seizure-induction protocols.

ZnT3-/~ and ZaT3*/* mice were tested for
their sensitivity to seizures elicited by pentylenete-
trazol (PTZ) and flurothyl, which act at least in
part by reducing GABA,-mediated inhibition.
The progression of scizures was very rapid in
response to intraperitoneal injection of PTZ: my-
oclonic jerks occurred within 3 min, clonus within
6 min. and seizures did not usually extend beyond
15 min post-injection. The incidence and latencies
of myoclonic jerks and tonic/clonic seizures were
similar for ZnT3 '~ and ZnT3~/~ mice (Fig.
1A and B; Table 2), as was overall seizure sever-
ity. based on the maximum behavioral severity
score (Fig. 1C, Table 1).

Flurothyl. administered by inhalation. produces
a well-defined series of behavioral seizures whose

94
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latencies depend on the rate of flurothyl infusion
into the chamber (Prichard et al., 1969; Sperber
and Moshe, 1988). ZnT3*'~, ZaT3*/~ and
ZnT3 7/~ mice, in response to flurothyl adminis-
tered at a rate of 20 pl/min, experienced numerous
twitches and occasional myoclonic jerks, followed
by a generalized tonic/clonic seizure at about 6
min from the start of infusion. After this first
generalized seizure, about a third of the mice
(/11 ZaT3+/+, |3 ZnT3>'~, 4/9 ZaT3~'")
immediately progressed into severc tonic exten-
sion. from which they could not be rescued. The
rest of the mice experienced a post-ictal period
following the first generalized seizure. followed by
a second generalized seizure 4-6 min later. This
second seizure invariably led to severe tonic exten-
sion and death. Thus, once an animal reached the
tonic extension stage, there was 100% mortality.
Latencies to twitch, myoclonic jerk, first tonic/
clonic seizure, second tonic/clonic seizure and
tonic extension were the same for ZaT3 /<,
ZnT3 %'~ and ZaT3~'~ mice (Fig. 2).

3.3. ZrT3~!~ mice are somewhat less sensitive
than ZnT3*!+ mice to seizures elicited by low
doses of bicuculline

To test the ZnT3 -/~ mice in another seizure

14 <
124 @ZnTIe/e «o-=m
B2ZnTI ~- =
o104 ozmis v
E o4
=
-
- 4
24
[
g o Tonig
osiggre 1 sstmwre 3 eReen
Flurothyt (20 uUmin)
Fig. 2. ZaT3 ~'~ mice show similar scizure sensitivities to

flurothyl as ZaT3*/* mice. Mice of both genotypes pro-
gressed through the defined scries of seizure behaviors listed
on the abscissa. About a third of the mice of cach genotype
progressed immediately from the first tonic/clonic scizure to
tonic extension. The remainder experienced a d tonic/
clonic seizure. Latencics to twitch, myoclonic jerk. tonic.clonic
scizure. and tonic extension were similar among genotypes.
A=l (ZrT3°'"), nm9 (ZaT3 "' ") a=3(ZnT3~ ")

paradigm, we injected ZnT3 '~ and ZnT3~'~
mice with the competitive GABA, antagonist.
bicuculline. ZnT3 =/~ mice were somewhat less
susceptible to the seizure-inducing effects of
bicuculline when it was administered at low doses.
There was a trend (not statistically significant)
towards lower incidence of myoclonic jerks and
tonic/clonic seizures in the ZnT3 =/~ mice (Fig.
3A and B); EDy, values for tonic/clonic seizure
were not significantly different  (Table 2).
presumably due to the obligatory inclusion of
data from the higher doses of bicuculline. where
there was clearly no difference. A G-test for
differences in the incidence of tonic/clonic seizure
revealed a significantly lower (P < 0.05) incidence
of seizures in the ZaT3 -/~ mice at 2 mg/kg
bicuculline, but not at the other doses. The
maximum seizure severity score, used as a
measure of the overall severity of seizures in
response to bicuculline. was significantly reduced
in the ZaT3~/'- mice at lower doses of
bicuculline (Fig. 3C). These doses of bicuculline
produced twitches and myoclonic jerks in many of
the ZnT3~*'* mice, and limb clonus in a few
ZnT3+/~ mice. Most of the ZnT3~'~ mice
responded, if at all, with only staring or
unresponsiveness. At the lowest dose tested (!
mg/kg bicuculline), very few mice exhibited any
seizure behaviors besides unresponsiveness,

regardless of genotype.

3.4.2nT3-'~ and ZnT3*'~ mice are more
susceptible than ZnT3*'* mice to kainic
acid-induced seizures

Seizures were induced in ZnaT3 />, ZnT3 /'~
and ZnT3 —/~ mice by intraperitoneal injection of
KA at doses ranging from 10 to 20 mg/kg.
Seizures usually followed the progression de-
scribed by Racine (1972)(Table 1), from milder
seizure behaviors such as twitches, head nodding.
and myoclonic jerks (twitches with whole body
involvement). through forelimb clonus to behav-
iors indicative of more severe generalized seizures.
such as loss of posture (jumping or rearing and
falling). The incidence of myoclonic jerks and
tonic/clonic seizurcs was higher in the Zn73~ ~
mice than in ZnT3 =/~ mice (Fig. 4A and B), and
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Fig. 3. ZaT3 =/~ mice are less susceptible to seizures induced
by bicuculline. (A) Dose response graph showing the percent-
age of mice responding with at least a stage-2 seizure (my-
oclonic jerk). (B) Percentage of mice responding with 3 stage-3
seizure (tonic/clonic seizure) or higher. ZaTJ =/~ mice tended
to have a lower incidence of both myoclonic jerks and tonic/
clonic seizures, especially at lower doscs. (C) Maximum behav-
ioral seizure severity score at various doses of bicuculline.
ZnaT3~'~ mice had significantly lower maximum scizure
severity scores at the 2 and 3 mgikg doses (P <0.05. Mann-
Whitney U-test). Numbers above the bars repeesent a values.

97

T.8. Cole et al. / Epilepsy Research 39 (2000) 153169

the ED,, for tonic/clonic seizure was significantly
lower (Table 2). The maximum seizure severity
observed during the 2-h period following KA
administration was used as an indicator of the
overall severity of seizures. Zn7T3 -/~ mice had
more severe seizures at most of the doses of KA
tested (Fig. 4C). The maximum seizure severitics
in response to 18 mg/kg KA in the ZaT3 /=~
mice were widely distributed., with an average
score of 3.33 £0.43 (corresponding to bilateral
forelimb clonus)(Fig. 4D). In striking contrast, at
this dose both ZaT3*/~ and ZaT3~'~ mice
exhibited very stroag coavulsive seizures. with
average severity scores of 4.89 +£0.33 and 4.94 =
0.34, respectively (corresponding to loss of pos-
ture). Frequently, seizures in the ZaT3 ™/~ mice
deteriorated into convulsive status epilepticus, fol-
lowed by death. Seizures in the Za73 */~ mice
were intermediate in severity, occurring at a lower
frequency than in the ZnT3 -/~ mice (data not
shown), and with fewer of the mice progressing to
convulsive status epilepticus or death (Fig. 4D).
Latencies to bilateral forelimb clonus (Table 2) and
loss of posture (ZaT3~/~, 42.2 £9.0 min, n=16;
ZaT3*/~, 291+93 min, n=8 ZaT3*'~,
32.8 +6.9 min, n =6) were not different among

genotypes.

3.4.1. Electroencephalographic activity during
seizures elicited by kainic acid

To characterize the seizures induced by KA in the
ZnT3 ~/~ mice, an electroencephalographic (EEG)
activity/videomonitoring system was used. Video/
EEGs were recorded from cortical epidural elec-
trodes and hippocampal depth electrodes to
correlate behaviorally scored seizure severity with
electrographic activity in the hippocampus (Fig.
5A). These recordings were conducted for 10 min
prior to, as well as 2 h following KA administra-
tion. No abnormalitics in EEG patterns were
observed in ZaT3 -/~ mice during the 10-min
observation period pdor to KA administration
(Fig. SA, see upper trace for each mouse). Likewise,
no spontaneous behavioral or electrographic
seizures were observed in these mice during [-h
recordings taken days to weeks after administration

of KA.
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Subcutaneous injection of 18 mg/kg KA into
mice with implanted electrodes produced convul-
sive seizures with average behavioral severity
scores of 3.50 +0.87 in the ZnT3 ~/* mice (n = §)
and 4.67 +0.88 in the ZnT3 =/~ mice (n = 3)(Fig.
SB). While the onset of electrical seizures in
ZnT3 -/~ mice was similar to that observed in
ZnT3*'* mice (Fig. SA). ZnT3~/~ mice re-
sponded more quickly to KA administration. with
a latency of 2.0+ 0.7 min to the first electro-
graphic signs of epileptiform activity, compared
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to 12.4 +4.8 min for the ZaT3*’'~ mice (Fig.
5C). This initial electrical epileptiform activity
was not associated with a behavioral seizure.

In striking contrast to ZaT3 */~ mice, which
spent 17.7 +£9.9% of the time in electrographic
scizure, ZnT3 =/~ mice spent 65.3 + 1.9% of the
observation time in electrical epileptiform dis-
charge (Fig. 5D). Electrical seizures in the
ZnT3~'= mice were longer in duration than in
ZnT3 ' = mice (Fig. SE), with shorter interictal
periods. Often, the electrical seizure episodes in
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Fig. 4. ZaT3~/~ mice are more susceptible to kainic acid-induced seizures. (A) Dose response graph showing the percentage of
mice responding with at least a stage-2 seizure (myoclonic jerk). (B) Percentage of mice responding with 3 stage-3 scizure
(tonic;clonic seizure) or higher. ZrT3 =/~ mice tended (o have a higher incidence of both myoclonic jerks and tonic/clonic scizurcs
at all doses tested. (C) Maximum behavioral seizure severity score at various doscs of kainic acid. ZnT3 "~ mice had significantly
higher maximum seizure scverity scorcs at the 12 mg/kg (P <0.05. Mann-Whitacy U-test), 1§ mg/kg (P <0.01). and 18 mg kg
(P <0.0!) doses. Numbers above the burs represent 1 values. (D) Histogram showing the percentage of mice of cach genotype that
exhibited 2 given maximum seizurc severity kore in response to 18 mg/kg KA. illustrating the skewed distribution of scizufc
severities in the ZaT3 ~/— mice at this dose. ZaT3 ~°~ mice showed an intermediate response that was significantly higher in
severity than that seen in the ZaT3 */~ mice (P <0.01, Mann-Whitney U-test). a = |8 each genotype.
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Fig. 5. ZrT3 =/~ mice have more severe clectrographic seizures in response to kainic acid. (A) Representative EEGs recorded (rom
cortical epidural electrodes implanted in ZaT3 </~ (top two traces) and ZaT3 =/~ (bottom three traces) mice. Hippocampal depth
clectrodes showed similar patterns of activity. The upper traces represent ! min of baseline recording before KA administration (18
mg/kg, sc). The bottom traces represent | min of recording taken during a severe convuisive (stage-S) seizure. The electrographic
activity of seizures in ZnT3 ~/ = mice typically had a discrete beginning and end (ZaT3 =/ *, lower trace). with relatively long
interictal periods. In ZaT3 =/~ mice, seizure onset (arrows) was similar to that seen in wild- (ype mice, but initial electrical seizyre
episodes frequently lengthened over time. reaching 2 stage of prolonged electrographic status epilepticus (ZaT3 =/~ lower trace).
(B~E) Quaatification of various aspects of seizure severity in ZaT3 =/ = and ZaT3 =/~ mice implanted with cortical elm:odcs. (B}
Maximum tehavioral seizure severity score. Because of high variability within groups. the difference in severity scores was not
statistically significant. Latency to first electrographic seizure (C) was significantly shorter in Z+T3 =/~ mice than in ZaT3 ~* * mice
(P <0.05, Studeat’s ¢-test). Percent time in electrographic seizure (D) was greater in ZaT'3 =/~ mice thaa in ZaT3 " mice
(P <0.01, Studeat’s r-test). Average seizure duration (E) was greater in ZaT3 /= mice than in 2273 /" mice (P <0.00l,
Student’s s-test). A= S (ZAT3 /). nm3 (ZaT3-/~).

the ZnT3 -/~ mice progressed into a prolonged dicative of the seizure activity detected by the EEG

seizure characteristic of the merged stage of status recordings.

epilepticus (Treiman et al., 1990) (see Fig. SA,

lower trace), that could last for hours. ZnT3+/~ 3.4.2. Severe neuronal damage in the absence of
mice that exhibited status epilepticus were more synaptically released zinc

likely to experience repeated discrete seizures (Fig. Zinc chelation has been shown to reduce dam-
3A). 2 less severe form of status epilepticus (Trei- age in brain regions exposed to various insults
manetal., 1990). In both ZrT3*/* and ZnT3 /- (Choi and Koh, 1998). Therefore, we predicted
mice, behavioral seizures were always associated that the ZnT3 =/~ brain might show less seizure-
with epileptiform electrical activity. Often, how- induced neuronal damage than the ZaT3~'*
ever, electrographic seizures occurred with little or brain in regions where zinc is nomally released.
no corresponding seizure behaviors. This was espe- even though KA-induced seizures are more severe
cially striking in the ZnT3 =/~ mice, some of which in ZnT3 -/~ mice. To test this hypothesis. mice
exhibited electrographic status epilepticus for 20 were treated with KA doses that produced seizure
min or more without any outward behaviors in- activity of approximately equal intensity: 20 my/
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kg in ZnT3~/* mice and 15 mg/kg in ZaT3~/~
mice. Animals were sacrificed 3 days after KA
treatment and the percentage of pyknotic nuclei in
various sub-regions of the hippocampus was deter-
mined. The hippocampi of both ZaT3*/* and
ZnT3 '~ mice showed some cell damage even in
response to stage-3 seizures (data not shown).
ZnT3 -/~ mice that experienced stage-5 seizures
had severe damage in the dentate gyrus. hilus, and
most strikingly in stratum (s.) pyramidale of the
CA3 and CAl regions (Fig. 6B. D, and F). Py-
knotic nuclei were also conspicuous in the amyg-
dala, neocortex, and entorhinal and piriform
cortices (data not shown). The ZaT3 =/~ brains
frequently displayed hemorrhages in the thalamus,
and the choroid plexus was often swollen or broken
and filled with erythrocytes (data not shown).
ZnT3 '+ mice that experienced stage-5 seizures
showed pyknotic cells most conspicuously in the
dentate gyrus, hilus, and s. pyramidale of CA3,
with less damage to s. pyramidale of the CA | region
(Fig. 6G); they did not have appreciable damage to
the thalamus or choroid plexus, and damage ap-
peared to be less severe in the amygdala and cortex
compared to the ZaT3 -/~ mice (although py-
knotic nuclei were not quantified in those regions).
I[nterestingly, the most severe damage in the
ZnT3~/~ hippocampus was in the CAl region,
which was spared in the ZnT3 */* mice. This more
severe damage seen in the brains of ZaT3 =/~ mice
may have been due to greater seizure severity and
duration (even given attempts to equalize seizure
severity by using different doses of kainic acid). The
maximum seizure severity scores were identical for
the two groups, but our EEG data suggest that this
measure is an imprecise indicator of electrographic
seizure activity.

3.5. The absence of MT3 does not enhance
seizure sensitivity or neuronal damage in
ZnT3~'~ mice

To test whether ZnT3 and MT-III participate in
the same pathways to reduce seizure sensitivity and
affect neuronal damage. we generated ZnT3 =/~
mice that were either wild-type at the MT?3 locus
(MT3~'~), hemizygous for MT3 (MT3<'"), or
homozygous mutant (MT3 =/ 7). These mice were
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injected intraperitoneally with KA at 12 mg/kg (the
EDy, for tonic/clonic seizure; see Table 2), then the
maximum seizure severity score was recorded.
Three days later, the mice were sacrificed and
neuronal damage was determined in the CA3 and
CAl regions of the hippocampus by measuring the
percentage of nuclei that exhibited pyknotic mor-
phology upon staining with cresyl violet. Zn 73 -/ -
/MT3 </ mice had an average seizure severity
score of about 3.0, compared to a seizure severity
score of about 2.0 forthe ZnT3 =/~ /MT3 */ * mice
(Fig. 7A), in agreement with previous results (Fig.
1). The double knockout mice (ZnT3 =~/
MT3-/~) had similar seizure severity scores as
ZnT3 -/~ /MT3~'* mice (Fig. 7A). Neuronal
damage tended to be higherin ZaT3 =/~ /MT3 =/~
mice than in ZaT3 '~ /MT3 */~ mice. especially
in the CAl region, probably reflecting the increased
seizure severity secen in these mice (Fig. 7B). Re-
moval of MT-III from the ZaT3~'~ brain
(ZaT3~'-/MT3 /) did not increase the extent
of neuronal damage in hippocampal subregions
CA3 or CAl (Fig. 7B) (compare to ZnT3~/~/
MT3*/*). Unexpectedly, in the CAl region of the
hippocampus, removal of MT-III from the ZnT3 '~
brain (ZaT3~/~/MT3 /") significantly reduced
the percentage of pyknotic nuclei compared to the
ZnT3-/=/MT3*'* mice, even though seizure
severity was equivaleat (Fig. 7B).

4. Discussion
4.1, Neuromodulataory effects of zinc

Histochemical localization of zinc in the
mammalian brain reveals that it is most abundant
in the mossy fiber terminals of hippocampal dentate
granule cells; however, vesicular zinc is also
abundant throughout the hippocampal structure.
the neocortex. amygdala, striatum and olfactory
bulb (Frederickson, 1989: Slomianka, 1992). The
distribution of ZnT3 protein matches that of the
Timm stain (Palmiter et al., 1996b; Wenzel et al..
1997) and both are completely gone after ZnT3
gene disruption (Cole et al., [999). Because
ZnT3~'~ mice are indistinguishable from wild-
type littermates in all behavioral tests examined thus
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Fig. 6. Severe neuronal damage in the abscnce of the cytotoxic effects of synaptically relased zinc. (A-F) Representative
hematoxylin;eosin stained coronal sections ol the dorsal hippocampus from 3 Z# T3 ~* ~ mouse. untrcated (A.C.E). and J days after
stage-$ seizures induccd by KA administration (B.D.F). (C.D) and (E.F) Higher magnitication images of the CAL reyion (white
arrow in A.B) and the CAJ region (black arrow in A.B). respectively. Arrows in D and F point to damaged (pyknotc) auclct in
s pyramidale of CA3 and CAl, which sustained particularly heavy damage in the ZuT3 = = mice. (G) Percentage of aucker that were
damaged (pyknotic) in different regions of the dorsal hippocampus in ZaT3~ = (n=6) and ZuT3~ ~ (n=8) mus that
experienced stage-§ scizures. Z#T3 =~ mice had significantly greater dumage in the CA3 and CAl regions (£ <003, student’s
r-test). Abbreviations: DG. dentate gyrus: Hi. hilus. Scale bars = 500 um (A); 104 pym (C.E).
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Fig. 7. The absence of MT-III does not increase seizure sensitivity or damage in the absence of ZaT3. ZaT3 * ~/MT3 “'~ mics
or ZnT3 =/~ mice that were cither 73~/ ", MT3 =/~ or MT3 =’ ~ were injected with kainic acid (12 mg/kg. i.p.). (A) Maximum
seizure severity score. Removal of MT-{II had no effect on the severity of seizures in Za73 =/~ mice. (B) Scizurc-celated ncuronal
damage in the CA3 and CAl regions of surviving mice. Damage was scored by estimating the percentage of cells in s. pyramidale
that had pyknotic nuclear morphology. Removal of MT-III did not increase neuronal damage any further than that seen in the
absence of ZnT3. Extensive damage to CA! pyramidal cells in the ZaT3 =/~ hippocampus was significantly reduced upon removal
of MT-UII (£ < 0.05. Student’s ¢-test). Numbers above the bars represent n values. ZaT3 =/~ /MT3 /'~ and ZaT3 =/~ /MT3 '~
mice that survived had average severity scores of 3.1 £0.6 and 3.0 £ 0.8, respectively.

far, and since these behaviors undoubtedly depend
on glutamate neurotransmission, it seems unlikely
that glutamate storage and release are altered
greatly in the absence of vesicular zinc. This conclu-
sion is consistent with our preliminary data from
electrophysiological studies of hippocampal slices
from ZnT3 -/~ mice (V. Lopantsev et al.. our
unpublished data). These observations, coupled
with the fact that not all glutamatergic neurons
sequester zinc in synaptic vesicles (Frederickson,
1989), argue that zinc is not essential for glutamate
storage or release. Instead, it is more likely that
released zinc modulates pre- or post-synaptic recep-
tors and thereby influences neural transmission.
The absence of spontaneous seizures. or any alter-
ation in acoustic- or handling-induced seizures in
ZnT3 -/~ mice suggests either that zinc is only
important under extreme conditions of excessive
excitability or that chronic absence of zinc leads to
compensation under normal conditions.

Many previous studies have indicated neuro-
modulatory roles for zinc, either excitatory or
inhibitory. The increased sensitivity of ZnT3~/~
mice to KA-induced seizures suggests that the
overall effect of zinc is to dampen excitability.
ZnT3 -/~ mice had a higher incidence of seizures
in response to KA. and their seizures were more

severe. They spent a much higher percentage of the
time (65 vs. 18%) in electrographic seizure (as
revealed by monitoring EEG activity) than did
ZnT3*/* mice. Strikingly, high voltage epilepti-
form activity often continued relentlessly for an
hour or more (electrographic status epilepticus) in
the ZnT3 -/~ mice, with only occasional behav-
ioral indications that an electrical seizure was
occurring. ZnT3 */~ mice have intermediate levels
of vesicular zinc and intermediate seizure severities
(relative to ZaT3 -/~ and ZaT3 */~ mice), indi-
cating that enhanced seizure sensitivity is likely to
be due to dose-dependent removal of zinc from
synaptic vesicles.

The best described inhibitory effects of zinc are
an antagonistic effect on NMDA receptors (Peters
et al., 1987; Westbrook and Mayer, 1987; Christine
and Choi, 1990) and an enhancement of GABA
release (perhaps by blocking GABA, autorecep-
tors) that produces giant depolarizing potentials in
the CA3 region (Ben-Ari and Cherubini, 1991; Xie
and Smart, 1991). Multiple effects of zinc on
glutamate and GABA receptors have been de-
scribed primarily in isolated preparations (reviewed
by Harrison and Gibbons, 1994; Smartetal.. 1994),
but it is not clear whether these receptors are
exposed to physiologically relevant zinc concentra-



166 T.8. Cole et al. / Epilepsy Research 39 (2000) 153-169

tions (i.e. those experienced in vivo). For example,
the highest concentrations of vesicular zinc are
found in the mossy fiber boutons of dentate gran-
ule cells, which synapse on complex spines of CA3
pyramidal cells. In this region., glutamate is
thought to act predominantly on AMPA recep-
tors, where zinc effects are small and potentiating
(Rassendren et al., 1990). Potentiation of AMPA
responses by zinc could result in an increased
excitatory drive onto inhibitory interneurons. Al-
ternatively, diffusion of zinc may provide a path-
way to act at GABA or NMDA synapses.
Heteromeric KA receptors are strongly inhibited
by zinc in a subunit-dependent manner as the pH
declines (D. Mott and R. Dingledine, personal
communication). In the ZaT3 =/~ mice. loss of
such zinc inhibition could result in enhanced KA-
induced depolarization as synapses become rela-
tively acidic during seizures. Finally, the effects of
zinc may be mediated by undiscovered receptors,
perhaps even dedicated zinc receptors. Our data
do not directly address the question of whether
this net inhibitory effect of zinc is due to direct
antagonism of glutamate receptors, to enhance-
ment of GABA-mediated inhibition, or to some
other mechanism. Finally, it is unlikely that Za7T3
is linked to a seizure susceptibility gene because
the 129/svJ strain, which was used for gene target-
ing. is more resistant to KA-induced seizures than
the CS7BI/6 strain (Erickson et al., 1997); more-
over, experiments were performed with littermate
controls to minimize differences in genetic back-
ground. .

The response of Z2T3~/~ mice to seizure-in-
ducing drugs was highly dependent on the drug
used to elicit seizures. The mice were susceptible
to KA, but were similar to wild-type mice in their
responses to PTZ or flurothyl, and they were less
sensitive than wild-type mice to bicuculline-in-
duced seizures. The differing sensitivities to
epileptogenic drugs could reflect differential ef-
fects of zinc on its target receptors. ZnT3 =/~
mice were minimally sensitive to seizures elicited
by drugs that block GABA-mediated inhibition
(bicuculline, PTZ, and flurothyl). suggesting that
functional GABA, receptors need to be present
to reveal an effect of zinc on seizure susceptibility.
Thus, the predominant action of zinc in the con-

trol of hyperexcitability may be enhancement of
GABA-mediated inhibition, rather than direct in-
hibition of post-synaptic glutamate receptors on
excitatory neurons. KA is thought to inhibit
GABA release by inhibitory interneurons. and it
may 2iso act directly on post-synaptic or extra-
synaptic glutamate receptors on pyramidal cells
(Lerma. 1997). In the absence of zinc, which
normally would enhance GABA release and an-
tagonize NMDA receptors. these effects of KA
would be even more pronounced.

It is possible that the mice have compensated
for the lack of zinc by enhancing inhibition in
some other way, such that the normal balance
between excitation and inhibition is maintained.
The possibility of compensatory changes in gluta-
mate or GABA neurotransmission complicates
assessment of the normal role of zinc as a neuro-
modulator. The resistance of ZaT3 =/~ mice to
low doses of bicuculline is consistent with a com-
pensatory upregulation of GABA neurotransmis-
sion. Alternatively, resistance to bicuculline-
induced seizures may reflect differential effects of
zinc on the mechanisms by which KA aad bicu-
culline induce seizures, as discussed above. In
either case, it is intriguing that these mice can be
sensitive to one epileptogenic agent and resistant
to another.

4.2. Zinc and neuronal damage

Synaptically released zinc may contribute sig-
nificantly to the excitoxicity seen after a variety of
brain insults, including seizures (Sloviter, 1985;
Frederickson et al.. 1989; Weiss et al., 1993) and
transient global ischemia (Tonder et al.. 1990:
Koh et al.,, 1996; Choi and Koh. 1998). The
presence of severe seizure-related neuronal degen-
eration in mice no longer capable of releasing zinc
into the synaptic cleft demonstrates that mecha-
nisms not involving zinc (but which probably
involve Ca**) are sufficient to inflict severe dam-
age on the targets of zinc-containing neurons. A
rigorous determination of whether the lack of
vesicular zinc ameliorates seizure-related neuronal
damage requires that seizure severity be compara-
ble among genotypes. We attempted to keep
seizure severity the same for ZaT3*~ and
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ZnT3~/~ mice by using different doses of kainic
acid for the two genotypes and comparing mice
that had identical seizure severity scores. How-
ever, our EEG data demonstrate that the behav-
ioral seizure severity score is an imprecise measure
of the intensity of electrographic seizures. Thus,
despite our efforts to keep seizure severity the
same, the possibility remains that the higher neu-
ronal damage seen in the brains of ZnT3-/~
mice resulted from seizures that were more severe
than those experienced by the ZnT3 /" mice.
Alternatively, vesicular zinc may be neuroprotec-
tive in the hippocampus of wild-type mice. per-
haps by sequestering presynaptic glutamate and
thus limiting the amount of free glutamate release
(Sloviter, 1985).

4.3. MT-III, seizures and neuronal damage

The absence of MT-III exacerbates seizures in
wild-type mice (Erickson et al., 1997), but not in
ZnT3 /= mice. The lack of MT-III also increases
KA-induced neuronal damage in the CA3 region
of the hippocampus in the wild-type background
(Erickson et al., 1997), but not when ZnT3 is also
removed. It seems likely, therefore, that the pro-
tzctive effects of MT-III on seizure activity and
neuronal damage are related to vesicular zinc in
some way. An attractive possibility is that MT-III
facilitates recycling of zinc to synaptic vesicles and
thus prevents depletion of zinc from axonal
boutons. Our results are consistent with the possi-
bility that the neuroprotective functions of MT-
IIT are due to its ability to facilitate the removal
of zinc from the synaptic cleft and thus protect
against zinc neurotoxicity — a function that is
irrelevant in the ZnT3 =/~ mouse, where vesicular

zinc is completely absent.
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