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1. Introduction

The brain is a singular organ of unique biological
complexity that serves as the command center for cognitive
and motor function. As such, this specialized system also
possesses a unique chemical composition and reactivity at
the molecular level. In this regard, two vital distinguishing
features of the brain are its requirements for the highest
concentrations of metal ions in the body' and the highest
per-weight consumption of body oxygen.® In humans, the
brain accounts for only 2% of total body mass but consumes
20% of the oxygen that is taken in through respiration.”> As
a consequence of high oxygen demand and cell complexity,
distinctly high metal levels pervade all regions of the brain
and central nervous system. Structural roles for metal ions
in the brain and the body include the stabilization of
biomolecules in static (e.g., Mg*" for nucleic acid folds, Zn>"
in zinc-finger transcription factors) or dynamic (e.g., Na™
and K* in ion channels, Ca** in neuronal cell signaling)
modes, and catalytic roles for brain metal ions are also
numerous and often of special demand.'*

Because of the intimate connection between its unique
composition and function, the inorganic chemistry of the
brain is inherently rich and remains an open frontier for
study. Traditional studies of metals in neurobiology have
focused on the chemistry and structural biology of redox-
active s-block metal ions, including Na®, K, Mg2+, and
Ca’*. Na* and K™ are present in high concentrations in the
body (~0.1 M) and possess distinct compartmentalizations,
with resting Na™ levels higher in the extracellular space and
K™ levels higher inside cells.” The dynamic partitioning of
these metal ions is controlled by ion-specific channels that
selectively allow passage of either Na* or K* in and out of
cells. In the brain, the uneven distribution of these metal
ions across a given cell membrane creates a potential that
enables transmission of information through action of electric
currents down the axons of neurons. Along these lines, Ca’t
and Mg*" are also key modulators of molecular information
transfer within and between cells during neurotransmission.?
Specific roles that these metal ions play in the brain will not
be discussed further in this review, and the reader is referred
to other excellent sources regarding the neurobiology of these
metal ions.® 2
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Less thoroughly studied are the roles of d-block metals in
the brain. Zinc, iron, copper, and related d-block metals are
emerging as significant players in both neurophysiology and
neuropathology, particularly with regard to aging and neu-
rodegenerative diseases. Because the concentrations of these
d-block metals in brain tissue are up to 10 000-fold higher
than common neurotransmitters and neuropeptides, referring
to these essential brain nutrients as trace elements is a clear
misnomer.’ Not only do these metals serve as components
of various proteins and enzymes essential for normal brain
function, but their labile forms, particularly those of Zn*"
and Cu™*™", are also connected to specialized brain activities.
In this context, labile metal ion pools can possess protein or
small molecule ligands or both that can be readily exchanged
between different ligand sets.

The far-reaching connections of inorganic chemistry to
unexplored aspects of brain function, aging, and disease have
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prompted demand for new methods to study metal ion
function, misregulation, or both within intact, living samples.
In this regard, molecular imaging with metal-responsive
small-molecule probes coupled to optical fluorescence imag-
ing (OI) and magnetic resonance imaging (MRI) modalities
is emerging as a powerful approach to interrogating metal
ion chemistry from the subcellular to the organismal level.
These methods offer the potential for real-time detection in
living systems with high spatial resolution, oxidation state
specificity, and bioavailability information that is difficult
or impossible to obtain using conventional techniques such
as atomic absorption spectroscopy, radioisotope labeling,
histochemical techniques, and inductively coupled plasma
mass spectrometry. Seminal work in fluorescent Ca*" sensors
by Tsien'®> and MR (magnetic resonance)-based enzyme
reporters by Meade and co-workers'* provide success stories
that presage the potential impact of applying molecular
imaging approaches to studies at the inorganic chemistry/
neurobiology interface.

In this review, we will provide a brief overview of the
field of transition metals in neurobiology, focusing on the
contributions of d-block metals zinc, iron, and copper to
neurophysiology, aging, and neuropathology, as well as
progress in the development of molecular probes for visual-
izing zinc, iron, and copper ion pools in living environments
by fluorescence or magnetic resonance imaging. We note
that other essential d-block metals (e.g., Cr, Mn, Co, Ni)
not covered by this review are also worthy of further
investigation. We will limit our discussion to small-molecule
synthetic reagents that have been or can be potentially applied
to probe Zn*", Fe**** and Cu*** in biological settings,
noting that other platforms such as peptides/proteins, nucleic
acids, and materials can provide viable and complementary
alternatives for these purposes as well. Tables 1—3 provide
a list of properties for selected small-molecule probes for
Zn, Fe, and Cu ions.
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Table 1. Properties of Fluorescent Zn>" Sensors
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Aex, nm,” free cellular/membrane
probe Ky for Zn?* (Zn*") Aem, nM@? free (Zn?") ® free (Zn>") partition

1, TSQ 334 495 0.1) permeable
2, Zinquin A 0.2 nM 370 490 impermeable, permeable ester
4, TFLZn 360 498 permeable
5 0.55 pM 330 553 (528) 0.03 (0.11) permeable
6 345 448 (0.26) permeable
7 0.5 uM 343 450 0.038 (0.88)
Eu-8 262 700 T = 0.62 (0.62)
Tb-8 0.6 uM 262 545 7 =1.82 (1.82)
Tb-9 2.6 nM 260 490, 546, 587 T = (1.45)
Eu-10 59 nM 249, 318, 330 579, 593, 614 T = 0.52 (0.58) 0.009 (0.074) impermeable

(253, 320)
Eu-11 280 616 7 = 0.99 (0.40)
12, ZP1 0.7 nM 515 (507) 531 (527) 0.38 (0.87) permeable
13, ZP2 0.5 nM 498 (490) 522 (517) 0.25 (0.92) permeable
14, 7ZP3 0.7 nM 502 (492) 521 (516) 0.15 (0.92) permeable
15, ZP4 0.65 nM 506 (495) 521 (515) 0.06 (0.34) permeable
16, ZP5 0.5 nM 504 (495) 520 (517) 0.29 (0.48) impermeable
17, ZP6 0.5 nM 506 (495) 519 (517) 0.10 (0.34) impermeable
18, ZP7 0.5 nM 505 (495) 521 (517) 0.04 (0.05) impermeable
19, ZP8 0.6 nM 500 (489) 516 (510) 0.03 (0.35) impermeable
20, ZnAF-1 0.78 nM 489 (492) 514 0.022 (0.23)
21, ZnAF-2 2.7 nM 490 (492) 514 0.023 (0.36) impermeable, permeable ester
22, ZnAF-1F 2.2 nM 489 (492) 514 0.004 (0.17)
23, ZnAF-2F 5.5 nM 490 (492) 514 0.006 (0.24) impermeable, permeable ester
24, FluoZin-3 15 nM 488 515 impermeable, permeable ester
25, RhodZin-3 65 nM 545 575 impermeable, permeable ester
26, BDA 0.1 nM 491 509 0.077 (0.857) permeable
27, WZS 0.62 nM 449 ~550 0.03 (0.19) permeable
28, NG-DCF 1 uM 492 521 impermeable, permeable ester
29, NG-PDX 30—40 uM 491 520 impermeable, permeable ester
30, FluoZin-1 7.8 uM 491 520 impermeable, permeable ester
31, FluoZin-2 2.1 uM 492 521 impermeable, permeable ester
32, RhodZin-1 23 uM 548 589 impermeable, permeable ester
33, X-RhodZin-1 11 uM 575 604 impermeable, permeable ester
34, 7S5 1.5 uM 497 (490) 522 (517) 0.36 (0.80) permeable
35, ZP9 0.69 uM 505 (495) 526 (521) 0.02 (0.41) permeable
36, ZP10 1.9 uM 506 (497) 523 (516) 0.08 (0.33) permeable
37, QZ1 33 uM 505 (498) 524 (524) 0.024 (0.78) permeable
38, QZ2 41 uM 499 (489) 520 (518) 0.005 (0.70) permeable
39, ZnAF-2M 38 nM 490 (492) 514 0.034 (0.27)
40, ZnAF-2MM 3.9 uM 490 (493) 514 0.006 (0.10)
41, ZnAF-3 0.79 uM 490 (493) 514 0.029 (0.38) impermeable, permeable ester
42, ZnAF-4 25 uM 490 (492) 514 0.012 (0.22)
43, ZnAF-5 0.69 mM 490 (492) 514 0.004 (0.21)
44, DPA-Cy 63 nM 730 780 0.02 (0.41) permeable
45, FuraZin 3.4 uM 378 (330) 510 (510) impermeable, permeable ester

Rmax/Rmin >

150
46, IndoZin 3.0 uM 350 (350) 480 (395) Rmax/Rumin > 100 impermeable, permeable ester
47, ZnAF-R1 0.79 nM 359 (329) 532 (528) 0.088 (0.031)
48, ZnAF-R2 2.8 nM 365 (335) 495 (495) 0.17 (0.10) impermeable, permeable ester

Rmax/Rmin =4
49, CZ1 0.25 nM 445, 505 488, 534 Rmax/Rmin > 8 0.04 (apo CZ1) permeable
0.21 (0.64) ZP fragment
free (Zn>")
51 32 uM 299 (406) 460 (406) Rpmax/Riin = 19 0.23 (0.22)
52 0.6 nM 305 (297) 471 (415) Rimax/Rimin = 30 0.28 (0.17)
53 0.8 pM 305 (334) 460 (406) Ruax/Rmin = 82 0.09 (0.21)
54, Zinbo-5 2.2 nM 337 (376) 407 (433) Rmax/Rumin > 30 0.02 (0.10) permeable
55, ZNP1 0.55 nM 503, 539 (547) 528, 604 (545, 624) 0.02 (0.05) impermeable, permeable ester
Rmax/Rmin =18
56, DIPCY 98 nM 627 (671) 758 (765) 0.02 (0.02)
Rmax/Rmin =5

“ For luminescent lanthanide sensors (8—11), excited-state lifetime values (7) in H,O are listed with the emission wavelengths. ® For ratiometric
sensors (45—56), the relative fluorescence excitation or emission ratio change (Rmax/Rmin) is listed with the excitation or emission wavelengths.

2. Zinc in Neurobiology

2.1. Basic Aspects of Zinc in the Brain
2.1.1. Tissue Concentrations and Distributions

Zinc is the second most abundant transition metal in the
body and its highest concentrations occur in the brain.'’
Levels of zinc in the gray matter, the region of the brain
containing neuron cell bodies (~0.5 mM), are on the order

of magnesium' and are up to 10 000-fold higher in concen-
tration than common organic neurotransmitters. Within brain
tissue, zinc is nonuniformly distributed and is most abundant
in the hippocampus, amygdala, neocortex, and olfactory bulb
regions.'> Neuronal zinc is partitioned into two main classes:
a static Zn>" pool that is tightly bound to various metallo-
proteins and a labile Zn>" pool that is mobile.'® Over 90%
of the Zn>" found in the brain and the body is classified as
static, playing structural roles in transcription factors and
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Table 2. Properties of Fluorescent Fe?’>* Probes

probe Kq for Fe"" A, nm, free (Fe"™) Aem, nm,“ free (Fe"™) ® free (Fe"™) cellular/membrane partition

Fe*" Probes

62, Calcein ~10 tM 486 517 impermeable, permeable ester

63, Phen Green SK <1 uM 507 532 impermeable, permeable ester

75 358 430
Fe*" Probes

64, Azotobactin 8 x 107 M 380 490

65, FL-DFO 485 535

66, FL-NBD 475 548

67 474 538 endocytosed

68 432 470 0.01 permeable

69 416 474 permeable

70 323 464 0.28 permeable

71 6.7 uM 336 412

72 100 uM 506 (508) 508, 634 (512) Ryax/Rumin = 11 0.026

73 316 uM 510 575

74, FDI 43 uM 510 583 permeable

“ For ratiometric sensor 72, the relative fluorescence excitation or emission ratio change (Rmax/Rmin) is listed with the excitation or emission
wavelengths.

Table 3. Properties of Fluorescent Cu*’>* Probes

probe Kg for Cu™" A, nm, free (Cu™") Jem, nm,“ free (Cu™") ® free (Cu™")  cellular/membrane partition

Cu™ Probes

76, CTAP-1 40 pM 365 485 0.03 (0.14) permeable

77, CS1 3.6 pM 540 566 (561) 0.016 (0.13) permeable

78 325 (328) 388 (415) 0.014 (0.25)

Eu—79 (350) (615)
Cu®" Probes

80 4.1uM 497 (501) 509 (513) (0.0001) 0.25

81 14.5 uM 520 573 (585)

82 0.7 uM 451 525 (475) Rmax/Ruin = 14 0.112 (0.114)

83 420 (510) 518 (592) Ruw/Ron = 20 0.0054 (0.0046)

84, Rhodamine B hydrazide (510) (578) (0.31)

85 (495) (516) <0.02 (0.95)

86 (489) (513) (0.95)

“ For ratiometric sensors (82 and 83), the relative fluorescence excitation or emission ratio change (Rma/Rmin) is listed with the excitation or
emission wavelengths.

related proteins as well as structural and catalytic roles in other divalent metal ions (e.g., Fe?*, Mn?", and Cd*") across
enzymes.'®2° In addition to these tightly bound stores, labile plasma membranes.?! There are at least 15 of these ZIP
pools of Zn** are present throughout the brain and central transporters present in human cells.

nervous system and are largely localized within the vesicles
of zinc-dependent glutamatergic neurons. For example, in
the hippocampus, a region of the brain essential for learning
and long-term memory storage, Zn>" concentrations can
reach up to 300 M in the mossy fiber boutons of neurons
that extend from the dentate gyrus to neurons in the hilar
and CA3 fields.'> Similar input—output systems in the cortex,
amygdala, and olfactory bulb also require such “zinc-
containing neurons”. The abundance and unique cellular
localizations of neuronal zinc have stimulated interest in
deciphering its contributions to neurophysiology, particularly
as a calcium surrogate in specialized brain circuits.

Once inside the neuron, Zn>" ions are shuttled to various
subcellular locales. The major class of proteins that direct
intracellular Zn®" accumulation and trafficking is the zinc
transporter family (ZnTs).?! These integral membrane pro-
teins are members of the solute carrier 30 family (SLC30)
and help maintain intracellular Zn>" homeostasis by promot-
ing Zn>" translocation from the cytosol to organelles or back
to the extracellular environment. At least 10 ZnTs have been
identified in human cells so far, and each exhibits tissue-
specific expression and differential responses to dietary zinc
and physiological stimuli.?' Of these isoforms, ZnT1, -3, and
-6 are abundant in the brain and central nervous system,
whereas ZnT2, -4, -5, -7, -8, -9, and -10 are largely localized

2.1.2. Brain Zinc Homeostasis to other tissues. ZnT1 is widely expressed throughout the

The high concentrations and mobility of zinc in the brain body and responds to dietary zinc uptake; its mRNA
necessitate a tightly orchestrated and regulated homeostasis expression is down-regulated in situations of zinc deficiency
for Zn*" uptake, accumulation, trafficking, and efflux. An and up-regulated in times of zinc excess.”>** This protein
overview of homeostatic zinc pathways in brain neurons is is the only zinc transporter localized to the plasma membrane,
summarized in Figure 1. For example, many plausible routes where it controls the efflux of Zn>* from the cytosol to the
for neuronal Zn>* uptake are available and overlap with Ca®" extracellular environment.?! ZnT2 transports Zn>" into late
entry pathways. Included are voltage-gated Ca®" channels, endosomes,”*** and ZnT-5,%° -6,”” and -7°® are associated
Na*/Ca?* exchangers, N-methyl-D-aspartate (NMDA) recep- with Golgi Zn** transport. ZnT4*° and ZnT8*° are involved
tor-gated channels, and channels gated by kainate or 2-amino- in trafficking of Zn®" to intracellular vesicles and the
5-methyl-4-isoaxazolylpropionate (AMPA) receptors.'® More- functions of ZnT9*' and ZnT10%? remain elusive. Of

over, zrt/irt-like (ZIP) proteins can also transport Zn>" and particular importance to zinc neurobiology is ZnT3, which
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Figure 1. A schematic model for neuronal Zn>* homeostasis. List of abbreviations: AMPAR-C, AMPA receptor-gated channel; MT3,
metallothionein-3; Na/Ca Ex, Na™/Ca%" exchanger; NMDAR-C, NMDA receptor-gated channel; VGCC, voltage-gated calcium channel;
Vglutl, vesicular glutamate transporter-1; ZIP, zrt/irt-like proteins; ZnT, zinc transporter protein.

is expressed exclusively in the brain and testis. Electron
microscopy experiments reveal that this isoform is particu-
larly abundant in brain regions that possess high levels of
labile, chelatable Zn*", including the hippocampus, amygda-
la, neocortex, and olfactory bulb.*®* The strong spatial
correlation between ZnT3 and vesicular pools of labile Zn**,
coupled with the fact that ZnT3 knockout mice show no
evidence for chelatable zinc in these regions, suggests a
plausible function for ZnT3 in controlling the loading of ionic
Zn** into presynaptic vesicles.** In addition to ZnT3, the
vesicular glutamate transporter (Vglutl) is also present on
Zn>"-containing presynaptic vesicles. These two transporters
are functionally coupled; increased Vglutl expression leads
to higher vesicular Zn** levels, and increased ZnT3 expres-
sion leads to higher vesicular glutamate levels in a zinc-
dependent fashion.*

Another family of proteins that are critical for maintain-
ing neuronal Zn®" homeostasis are the metallothioneins
(MTs).*%8 These cysteine-rich peptides play multiple
roles in the brain ranging from the removal of heavy-
metal contaminants'”***? to the detoxification of reactive
oxygen species (ROS).*”***> More pertinent to the present
discussion is that MTs can also serve as cytosolic buffers
for neuronal Zn>" by formation of zinc—thiolate clusters.
Four major MT isoforms (MT1—4) have been identified in
mammals. MT1 and MT2 are widely expressed in all
mammalian tissues. MT4 is localized to the stratified
squamous epithelium, but little is known about its function.*?
MT3 is a brain-specific metallothionein that is especially
abundant in zinc-containing glutamatergic neurons.** MT3
and related isoforms typically coordinate seven Zn”>* ions,
but under conditions of cytosolic zinc excess, MT3 can
accommodate up to nine Zn*" ions.*> MTs bind Zn**centers
with high affinity (K; &~ 0.1 pM)*>’ while allowing facile
exchanges of Zn”*" ions with proteins having lower Zn**
affinities.*”*®*” This useful combination of high thermody-
namic stability and kinetic lability supports the notion that
MTs act as cytosolic zinc buffers in all human cells.?’~543

In addition to redox-neutral ligand exchange pathways,
MTs can also provide ionic Zn*" to the cytosol through
oxidative pathways. For example, oxidation of low-reduction
potential MTs by various ROS and other cellular oxidants,
including glutathione disulfide,*** hydrogen peroxide,>
nitric oxide (NO), and NO-derived nitrosothiols,”'™* can lead
to subsequent release of MT-bound Zn** ions. Of particular
interest is the emerging synergistic relationship between
neuronal Zn>" and NO.*>>° Specifically, Zn** release from
MTS3 in neurons can be induced by endogenous NO, an
observation that implicates a potential role for MT3 in
converting NO signals to Zn*" signals in the brain.*>**

Finally, the expression of genes essential to Zn>* homeo-
stasis and protection against metal ion and ROS toxicity is
regulated by the zinc finger protein metal response element
binding transcription factor-1 (MTF1).>” MTF1 controls the
cellular production of ZnTs and MTs as well as y-glutamyl-
cysteine synthetase (y-GCS), an enzyme that is essential for

glutathione synthesis and is selectively activated by Zn**.>’

2.2. Physiological and Pathological Functions of
Brain Zinc

2.2.1. Zinc Neurophysiology

Zinc is important to the body as a cofactor in an extensive
number of proteins and enzymes. Zinc finger proteins (ZFPs),
transcription factors that bind to specific DNA sequences,
encompass 1% of the human proteome. Furthermore, zinc
is the only metal that is a cofactor in all six classes of
enzymes. Enzymes of particular interest to the brain include
Cu/Zn superoxide dismutase (SODI), various peptidases
(e.g., dipeptidyl aminopeptidase), enzymes involved in
myelination (e.g., serum alkaline phosphatase), etc.

In addition to these protein-bound zinc pools, interest in
the specialized roles of labile zinc in the brain has grown
since Maske originally used histochemical diphenylthiocar-
bazone (dithizone) staining to first identify pools of ex-
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changeable neuronal Zn** over 50 years ago,’® with subse-
quent experiments showing that this Zn?** was associated
with the mossy fiber axons in the hippocampus.®® The high
concentrations of vesicular Zn>" observed in the mossy fibers
and at the tips of specific types of axons in other regions of
the brain has garnered much interest, but the exact roles of
Zn*" remain elusive and the mechanisms of how zinc
mediates neuronal processes is a topic of current debate.>*
One current model for synaptic zinc function proposes that
Zn** is a modulator of synaptic transmission and thus plays
a key role in synaptic plasticity.”*¢%¢3%* Several studies with
live hippocampal slices support the idea that Zn>™ is released
from the presynaptic mossy fiber boutons®>~’? and that this
release can be dependent on a variety of factors, including
the presence of Cat 0367 Kt 6569 or kainate® or membrane
depolarization.(’6_(’8 In addition, Zn>" released into the
synaptic cleft can potentially enter the postsynaptic neuron,
a phenomenon not observed with other neurotransmitters or
neuromodulators.”!

Despite indications of synaptic Zn>' release by many
laboratories, the precise roles for these mobile zinc stores
remain speculative at this time. One proposal is that zinc
could act as a conventional, transmitter-like signal between
presynaptic and postsynaptic neurons. Studies regarding the
interactions between Zn>* and NMDA receptors (NMDARs)
have shed some light on the potential role(s) for synaptic
Zn**. Zinc is a known antagonist of NMDARs, acting via
a high-affinity (nanomolar) voltage-independent pathway
and a low-affinity (submicromolar) voltage-dependent
pathway.”> 8% This range of affinities for Zn>" suggest that
Zn*" can modulate both the baseline activity of NMDARs
via the high-affinity receptors and the activity of NMDARSs
in times of high activity to prevent overstimulation via the
low-affinity receptors.®’ NMDARSs, in turn, can reduce the
neurotoxicity of excess Zn®" stores by blocking their entry
into postsynaptic dendrites.®* Zn*" can also modulate the
inhibitory postsynaptic currents (IPSCs) of y-aminobutyric
acid (GABA) receptors (GABARs).*> Another mode by
which zinc could potentially act as a signaling agent is by
entering the postsynaptic neuron through various ion chan-
nels. In addition to ZIP proteins, Ca®* channels linked with
AMPA or kainate receptors are Zn>" permeable,®* so entry
into the postsynaptic neuron could occur via several path-
ways. An intracellular Zn*" signal is also possible, with
analogous signaling events observed in the case of Ca®".
There are several Ca”" storage sites that have been identified
in the cell (e.g., sarcoplasmic or smooth endoplasmic
reticulum) that can rapidly release this cation when neces-
sary;®> no organelle-based storage pool for labile intracellular
Zn*" has been identified as of yet, but because NO can
promote the release of Zn>* from MT3,***>* this protein
may provide a source for intracellular zinc signals.®® Once
released, cytosolic Zn>* can potentially interact with a variety
of proteins to modulate their functions, including protein
kinase C (PKC),® calcium/calmodulin-dependent protein
kinase II (CaMKII),*” and the Src kinase family.®® In
addition, intracellular Zn** signals have been proposed to
move between the cytosol and mitochondria and influence
mitochondrial function.®**° Frederickson has classified these
potential Zn** signals as Zn’>"-SYN, Zn*"-TRANS, and
Zn* - INT.®

The most convincing evidence for a functional role for
labile synaptic zinc comes from recent in vivo results using
knockin mice carrying the mutation DS8OA in the glycine
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receptor (GlyR) ol subunit gene Giral.”' Remarkably, this
point mutation eliminates zinc potentiation of a.1-containing
GlyR currents while leaving GlyR expression, synaptic
localization, and basal glycinergic transmission unchanged.
Because the potentiations of their spontaneous glycinergic
currents by Zn** are impaired, the DSOA mutant mice
develop a severe neuromotor disorder that resembles human
hyperekplexia (startle disease). Paradoxically, this first direct
in vivo proof of zinc as a neuromodulator is not with the
zinc-enriched glutamatergic neurons but rather with glycin-
ergic ones. Thus, the fascinating question of why a neuro-
activator (glutamate) and neuroinhibitor (zinc) are colocalized
in the same neuronal vesicles in specific regions in the brain
remains unresolved.

The roles of Zn>" in neurotransmission are still contro-
versial, as other models challenge proposals of labile synaptic
Zn>" release. In particular, Kay has suggested that Zn>"
detected in the extracellular space subsequent to neuronal
stimulation may in fact be bound to biomacromolecules
found in synaptic vesicles.®*"* These biomacromolecule—
Zn*" complexes are proposed to possess open coordination
sites on the Zn*" center, allowing for ternary complex
formation with sensor molecules. Another proposal is that
Zn** modulates the release of other neurotransmitters
through its interaction with pores or other biomolecules.”?
Finally, given the coexpression of ZnT3 and Vglutl in
presynaptic vesicles, Zn“" may act as a regulator of levels
of the neurotransmitter glutamate.

2.2.2. Zinc Neuropathology

Although mounting evidence suggests that ionic zinc is
an endogenous modulator of synaptic activity and neural
function, exposure to uncontrolled pools of labile Zn** can
lead to excitotoxic neuronal death. Neurons are most
susceptible to this type of cell death during epileptic seizures,
head trauma, cerebral ischemia and reperfusion, and related
situations of overintense neural activity.”**® Experiments
utilizing a variety of imaging techniques show that after brain
injury, the levels of labile Zn** in the vesicles of mossy
fiber boutons decrease with concomitant increases in labile
Zn*" in the corresponding postsynaptic neurons.'> Following
transient global ischemia, excess pools of labile Zn*" can
be detected in the hilar and CA1 regions of the hippocampus,
as well as in the cerebral cortex, thalamus, striatum, and
amygdala.””®° Moreover, the deleterious effects of this
uncontrolled Zn>" release can be minimized if synthetic Zn*"*
chelators or Zn**-binding proteins are administered either
before or immediately after the excitotoxic event.'®1%> The
precise origin(s) of this excess zinc remains elusive, but three
potential sources of Zn>* are plausible: (i) Zn>* in presyn-
aptic vesicles, (ii) Zn** bound to proteins in the neuronal
cytosol, and (iii) mitochondrial Zn®** in postsynaptic
neurons.' %1% In this regard, a likely protein source of Zn**
is MT3, which releases Zn>* upon exposure to NO.*3>5%
Excitotoxic Zn** can trigger cell death via several mecha-
nisms, including cytotoxic upregulation of glutamate receptor
activity,®® downstream generation of reactive oxygen
species,'®1% and cross-talk with and overstimulation of
nitric oxide signaling pathways,*7->36-8%-107-108 Eyrthermore,
recent work links mitochondrial dysfunction to elevated Zn>"
levels.®*%°

In addition to these relatively rapid excitotoxic events,
long-term disturbances in Zn>* homeostasis have also been
implicated in aging and age-related neurodegenerative dis-
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eases, including Alzheimer’s disease (AD).>® One prominent
pathological characteristic of AD is the accumulation of
B-amyloid (Ap) plaques in the extracellular milieu,'” and
misregulated Zn~" may contribute to the deposition of these
protein aggregates in the brain.''® AB peptides are common
cleavage products of the amyloid precursor protein (APP),
an abundant protein of unknown function at the plasma
membrane of neurons. Interestingly, APP contains a cysteine-
rich region in its ectodomain that possesses a high affinity
for Zn*" (K4 = 750 nM)."" "2 Moreover, binding of Zn**
to APP can inhibit the proteolytic cleavage of APP by
o-secretase, a protease that generates nonamyloidogenic
peptide products instead of A.''? The relative reduction in
o-secretase activity compared with its 5- and y-secretase
counterparts can, in turn, lead to excess formation of
amyloidogenic Af peptides. In support of this model, the
addition of Zn** in concentrations greater than 300 nM can
precipitate AB in extracellular fluids,"'*''* and elevated
levels of chelatable Zn*" have been identified in amyloid
plaques from the brains of both human and murine
subjects.!'%!'>116 More lines of evidence that point to
disruption of labile zinc homeostasis in amyloid pathology
are the facts that ZnT3 knockout mice show diminished
susceptibility toward plaque formation'!” and that adminis-
tration of the copper—zinc chelator clioquinol inhibits or
reverses Af aggregation.!'®!1° Taken together, these obser-
vations suggest a connection between zinc misregulation and
neurodegeneration that is worthy of further investigation.

2.3. Molecular Imaging of Brain Zinc
2.3.1. Overview of Traditional Zinc Detection Methods

The growing contributions of zinc homeostasis to neuro-
physiology and neuropathology have prompted interest in
devising new ways to detect Zn>" in biological samples.
Zn*" is a difficult analyte to monitor owing to its closed-
shell 4s%3d'® electronic configuration and absence of
oxidation—reduction activity within biological environments.
As such, conventional techniques (e.g., NMR, EPR, and
electronic absorption spectroscopy) are largely ineffective
for this spectroscopically silent metal ion. Atomic absorption
spectroscopy (AA) provides a sensitive and selective method
for zinc detection and has been used to track release of zinc
into extracellular fluid after neuronal stimulation,® but this
technique has limited spatial resolution and is destructive to
the sample. Zinc also possesses a y-emitting radioactive
isotope, ®Zn, that can be monitored using various methods,
including autoradiography. Radioactive tracing experiments
have been used to show release and uptake of Zn** upon
neuronal stimulation® and to identify brain tumors,'*® but
they carry the disadvantage of exposing samples to ionizing
and potentially toxic y-radiation and are ineffective for
applications that require subcellular resolution. Furthermore,
both AA and radioactive tracing techniques are incapable
of distinguishing between labile and tightly bound zinc pools.

Because of these factors, the most prominent methods for
identifying zinc in biological samples have relied traditionally
on invasive histochemical procedures. As mentioned in a
previous section, Maske pioneered the use of dithizone as a
colorimetric indicator for labile Zn** in various tissues
throughout the body, including the first evidence for ex-
changeable zinc pools in the brain.”®'?""'*> When combined
with optimized washing and chelation protocols, dithizone
is a zinc-selective stain but is sensitive to environmental
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factors such as light, solvent, and heat. An alternative to
colorimetry with greater sensitivity to Zn>* in biological
samples is Timm’s staining, a silver amplification method
in which metals are precipitated using sulfide and subse-
quently visualized using a silver development process. The
original method is not metal-selective, but modified protocols
have been developed by Danscher and others to furnish Zn*"
specificity.'**~'?® The optical properties of the silver devel-
opment product make Timm’s staining compatible with both
light and electron microscopy visualization techniques.

2.3.2. Criteria for Molecular Imaging of Zinc in Living
Systems

Although the aforementioned methods have provided very
useful snapshots of zinc biology, they are invasive and
restricted to postmortem samples. As a result, devising
alternative ways to track zinc in living biological samples is
important for understanding dynamic changes that influence
the effects of zinc on the brain in healthy and diseased states.
Ideal tools for studying zinc neurobiology would enable the
selective monitoring of Zn** pools with high spatial and
temporal resolution in live samples ranging from dissociated
cell cultures to intact tissue specimens to entire organisms.
In this respect, two valuable techniques that have the potential
to provide this type of information are optical imaging (OI)
and magnetic resonance imaging (MRI). These modalities
can provide a platform for real-time molecular imaging when
combined with sensors or contrast agents that can respond
to different levels of Zn*" ions. In particular, optical imaging
with fluorescent sensors has already proven useful for
probing Zn>* neurobiology in live hippocampal slices and
neurons.'**~'%> Magnetic resonance imaging with “smart”
(i.e., analyte-responsive) contrast agents provides a comple-
mentary method for anatomical imaging in whole organisms
to furnish in vivo information on dynamic zinc pools.'3¢~13?

Effective reagents for molecular imaging of Zn>" ions in
living systems must meet several requirements. The most
important criterion is that a sensor should be selective for
Zn>" over other biologically abundant cations, including
Ca®" and Mg”?*. Zn*"-sensor binding events should also be
rapid and reversible, with dissociation constants (Kg) for Zn*t
that are matched to the particular application of interest. In
this regard, a homologous series of probes with varying K4
values, ranging from subnanomolar to millimolar concentra-
tions, are valuable for studying zinc in a variety of biological
settings. For example, zinc probes with subnanomolar affinity
would be useful in applications where only trace amounts
of Zn** are expected but would be unsuitable for imaging
dynamic changes in Zn** levels in firing neurons where Zn>"
concentrations may reach 0.3 mM."> In these cases, lower
affinity probes would be required to ensure that Zn>" binding
would be reversible on relevant time scales. Biological
compatibility is also essential, because useful zinc sensors
should be water-soluble and nontoxic, be relatively insensi-
tive to shifts in pH or ionic strength, and provide the ability
to probe extracellular, intracellular, or subcellular regions.

In addition to these general considerations, specific
optical requirements for fluorescent sensors include ex-
citation and emission profiles in the visible range or lower
energy, because this window minimizes photodamage to
cells and tissue and helps circumvent native cellular
autofluorescence; near-infrared (NIR) profiles are particu-
larly useful for penetrating through skin and thicker
specimens. Alternatively, multiphoton measurements or
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Chart 1. UV-Excitable, Intensity-Based Fluorescent Zn>" Sensors
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the use of luminescent reporters with longer excited-state
lifetimes (e.g., lanthanides) can also mitigate sample
damage and autofluorescence events associated with
ultraviolet excitation. Another important consideration for
biological imaging is choosing fluorescent reporters with
large extinction coefficients (¢) and quantum yields (®),
which will maximize optical brightness values (¢ x ®).
Finally, fluorescent probes that give a turn-on increase or
ratiometric response to Zn>" are preferred because these
types of readouts provide superior spatial and temporal
resolution compared with their corresponding turn-off
counterparts. Ratiometric sensors are particularly valued
for their potential to quantitate Zn®>" concentrations by
minimizing correction factors associated with variations
in excitation source, emission collection efficiency, and
sample thickness. For MR-based sensors, ZnH—responsive
readouts can be manifested by modulations in the longi-
tudinal (7)) or the transverse (73) relaxivity or both. The
main requirement for an effective MR sensor is maximiz-
ing the relaxivity change in response to analyte. The
remainder of this section will provide a survey of synthetic
chemical tools for molecular imaging of zinc in biological
systems. This list is not meant to be comprehensive but
instead is meant to provide the reader with a general flavor
of the types of small-molecule tools and tactics that are
currently available. Table 1 provides data on these various
Zn** indicators.
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2.3.3. Survey of Fluorescent and MRI Zinc Sensors

2.3.3.1. UV-Excitable, Intensity-Based Fluorescent Zinc
Sensors. Chart 1 provides a selection of intensity-based
fluorescent Zn”>" sensors with UV excitation. The first and
most widely used fluorescent sensor for imaging Zn** in
biological samples is 6-methoxy-8-p-toluenesulfonamido-
quinoline (TSQ, 1),"*° an aryl sulfonamide derivative of
8-aminoquinoline."*!'*> TSQ is nontoxic and membrane-
permeable and exhibits a 100-fold increase in fluorescence
intensity in response to Zn>" in ethanol solution (Aex = 380
nm; dem = 495 nm).mo Because of its utility in identifying
labile zinc stores in the brain and other parts of the body,
many derivatives of TSQ, including Zinquin A (2),'43:!%4
Zinquin E (3),'* and TFLZn (4),%” have been prepared in
the past 20 years in attempts to improve water solubility,
membrane permeability, or both. These quinoline dyes have
been invaluable for live-cell imaging of zinc ions in many
contexts'>%*1%5 but are limited by their optical brightness
(e x @~ 10> M~ ! cm™ "), unstable partition coefficients,
and propensity to form mixed 1:1 or 2:1 fluorophore/Zn"
complexes.®* 44146 Other UV-excitable fluorophore plat-
forms, including dansyl (5)"7'** and coumarin (6 and
7),'4915% have also been utilized for biological Zn*" detec-
tion. Finally, several lanthanide-based 7Zn>" sensors (8—11)
have been reported recently but most have not been applied
successfully for live-cell imaging.'>'~'>> However, these
types of compounds are promising for high-sensitivity
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Chart 2. Visible-Excitable, Intensity-Based Fluorescent Sensors with High Zn>" Affinities.
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imaging applications owing to their long excited-state
lifetimes that extend beyond native cellular autofluorescence
and scattered light events. In this way, removal of virtually
all background signals from biological samples can be
achieved by gating the detector collection window. Eu**-
based 10 has been used to image Zn*" in cells, though this
was achieved by injection of the complex into cells instead
of by incubation.'>

2.3.3.2. Visible-Excitable, Intensity-Based Fluorescent
Sensors with High Zinc Affinities. The ability to minimize
sample damage and native autofluorescence events associated
with ultraviolet excitation coupled with the rising use of laser-
based optical microscopy systems has spurred a rapid growth
in the number of turn-on, zinc-specific fluorescent sensors
that utilize visible excitation profiles (Chart 2). The fluorescein-
based Zinpyr (ZP) family represents a prominent class of
Zn>" sensors in this regard, offering optical brightness values
that are up to 50-fold greater than their quinoline counter-
parts. The ZP probes and related fluorogenic reagents utilize
a photoinduced electron transfer (PET) mechanism for metal
ion detection. In the absence of the metal ion analyte, the
electron-rich receptor quenches the fluorescence of the dye
reporter. Metal ion binding stops PET quenching and restores
fluorescence from the dye. The first member of the ZP series,
Zinpyr-1 (ZP1, 12), combines a dichlorofluorescein core with
two appended di-2-picolylamine (DPA) moieties; the pyridyl
ligands provide selectivity for Zn>* over hard metal ions
Ca”* and Mg?* that are abundant in cellular systems.'>®'’
Upon addition of up to 1 equiv of Zn**, the quantum yield
of ZP1 undergoes a modest 2.2-fold increase from ® = 0.39
to 0.87 with characteristic fluorescein excitation and emission
profiles in the range of 500 to 530 nm. A tight 1:1 Zn**/
sensor complex (Kg = 0.7 nM) is responsible for the observed
fluorescence increase, whereas binding of a second Zn** ion
occurs with much lower affinity (K4 = 85 uM) and no

apparent fluorescence change. Zinpyr-2 (ZP2, 13) is a parent
fluorescein version of ZP1 that exhibits similar optical
properties. Both sensors are capable of detecting changes in
labile Zn>" concentrations in living cells due to introduction
of exogenous Zn>".

Although ZP1 and ZP2 are effective tools for live-cell zinc
imaging, a limitation of these first-generation probes is that
they possess relatively high pK, values for the tertiary
nitrogen atoms responsible for PET switching and, as a
consequence, display background fluorescence in their apo
states (pK, = 8.4 and ® = 0.38 for ZP1, pK, = 9.4 and ®
= (.25 for ZP2). This type of behavior is a general issue for
metal ion sensing in water via PET, because proton-induced
fluorescence turn-on events can interfere with or give false
positives for metal ion binding. As a result, several ap-
proaches have been pursued to tune the pK, values of receptor
nitrogen switches for optimized Zn*" responses. One such
strategy is the introduction of electron-withdrawing groups
into the fluorescein scaffold.'”® The most useful of these
probes, Zinpyr-3 (ZP3, 14), incorporates two fluorine atoms
into the fluorescein backbone. This substitution reduces the
pK, of the benzylic PET amine to 6.8 and lowers the quantum
yield of the apo probe to ® = 0.15. Zn>" binding affords a
6-fold increase in fluorescence with high brightness (® =
0.92). Like other members of the ZP family, ZP3 is selective
for Zn>" over other biologically relevant cations. Moreover,
this bright dye is cell-permeable and capable of imaging
endogenous Zn”>" pools in brain systems ranging from
dissociated neurons to live tissue slices from the hippocam-
pus. An alternative tactic is to switch from an aliphatic amine
to an aromatic one, because anilines generally possess lower
pK, values. ZP4 (15) is a representative dye of this type.'>®
Apo ZP4 has a quantum yield of @ = 0.06, which increases
by ca. 6-fold upon binding Zn** (® = 0.34). This probe
has been used to selectively stain Zn**-damaged neurons in
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tissue slices.'®® Other members of the ZP family have been
synthesized to tune receptor electronics (ZP5—8, 16—19)'¢"-1¢2
and cell—gemleability and retention (ZP1-ester or acid deriva-
tives).'®

A complementary class of fluorescein-based zinc probes
that has been developed in parallel is the ZnAF family. Like
the ZP series, the ZnAFs utilize a fluorescein reporter and
DPA receptor for 7Zn*" detection, but the main strategic
difference is that the ZP sensors feature DPA units appended
to the top ring xanthenone core, whereas the ZnAFs possess
DPA groups linked to the bottom aromatic ring in either the
5 (ZnAF-1, 20) or 6 (ZnAF-2, 21) position.'®* Owing to their
aniline PET switches, the ZnAF sensors display lower
background fluorescence values (& = 0.02) and larger turn-
on responses (17- to 51-fold) compared with their ZP
counterparts (® = 0.03—0.38, 3—11-fold), but their Zn**-
bound forms are not as bright. Fluorination produces
improved ZnAF-1F (22) and ZnAF-2F (23) probes with
almost no background fluorescence (® = 0.004 for ZnAF-
1F, ® = 0.006 for ZnAF-2F) and enhanced turn-on responses
(60—69-fold).'®> The diacetyl version of ZnAF-2F is mem-
brane-permeable and can image labile Zn®" pools in acute
rat hippocampal slices,'®> whereas the membrane-imperme-
able ZnAF-2 has been employed to monitor release of Zn>*
upon neuronal stimulation,'°

Adaptation of commercial Ca®" sensors provides another
approach to biological Zn*" sensing. For example, Ca**
sensors Fluo-3 and Fluo-4 utilize the well-studied Ca*"
chelator bis(o-aminophenoxy)-ethane-N,N,N',N'-tetraacetic
acid (BAPTA), but these receptors actually possess higher
affinities for Zn*" than for Ca*".'%"'%® To reduce the Ca®"
affinity of these probes beyond cellular concentration ranges
while maintaining their affinity toward Zn>", removal of one
of the acetate arms of BAPTA provides FluoZin-3 (24).'%°
This sensor binds Zn>" with high affinity (K; = 15 nM)
and a large fluorescence increase (over 200-fold). Because
of its hard acetate ligands, FluoZin-3 responds slightly to
Fe?" and Ca®" and displays less overall Zn*" selectivity
compared with DPA congeners, but the platform is selective
and sensitive enough for many useful applications. For
example, in part because of its large dynamic range, this
probe can detect local bursts of endogenous Zn>" excreted
by pancreatic f3-cells as far as 15 um away from the cell
(Figure 2). A rhodamine version of FluoZin-3, RhodZin-3
(25), has also been prepared and features a selective 75-fold
increase in fluorescence in response to Zn>" ions with high
affinity (Kq = 65 nM).'”® The acetoxymethyl ester version
of this sensor is cell-permeable and can be used to study
mitochondrial Zn®*" homeostasis.”

Finally, high-affinity zinc sensors have also been devel-
oped using DPA ligands in conjunction with other visible-
wavelength dyes. The two examples provided here are valued
for their insensitivity to changes in pH. BDA (26) is a Zn*"
sensor based on the boron dipyrromethene (BODIPY)
framework that exhibits a 7-fold increase in integrated
emission upon Zn?>* binding with a high quantum efficiency
(Papo = 0.08; Ppouna = 0.86), desirable optical properties
(Aex = 491 nm; Acp, = 509 nm), and nanomolar Zn*" affinity
(Kq = 1.0 nM).'”! Moreover, the BODIPY-based probe is
cell-permeable and can detect changes in labile Zn**
concentrations in live TCA and PC12 cells incubated with
ZnCl,. WZS (27) combines a 4-aminonaphthalimide fluo-
rophore and a DPA receptor for Zn>" detection.'”? This
probe also displays high Zn*" affinity (K4 = 0.62 nM) and
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Figure 2. Imaging of Zn*>" secretion from pancreatic S-cells using
FluoZin-3 (24). Images are shown in ratios of fluorescence
intensities against a reference image collected in the beginning of
the sequence. Images were acquired at 20, 50, 60, and 140 s. The
temporal responses of Zn>" secretion were analyzed using the four
regions of interest (ROI, 4 um?) indicated as 1, 2, 3, and 4 in the
first image. The traces from top to bottom correspond to the ROI
1, 2, 3, and 4, respectively. Cells were incubated in Krebs—Ringer
buffer containing 2 M FluoZin-3 and stimulated to secrete by the
application of 20 mM glucose. The bar on top of the traces indicates
the application of stimulation. Reprinted with permission from ref
169. Copyright 2002 American Chemical Society.

a visible excitation profile (lex = 449 nm). The quantum
yield of Zn*"-bound WZS is within useful ranges (® = 0.19)
and the dye can report increases in intracellular Zn** within
Zn**-incubated HeLa cells.

2.3.3.3. Visible-Excitable, Intensity-Based Fluorescent
Sensors with Moderate Zinc Affinities. Many molecular
imaging applications that involve changes in zinc concentra-
tions when basal Zn>" levels are high, for example, for zinc-
containing vesicles in the mossy fiber boutons, require
complementary Zn>*-responsive sensors with micromolar to
millimolar affinities. Chart 3 depicts a representative set of
probes designed to meet this goal. The fluorescein-like
Newport Green dyes NG-DCF (28)'”? and NG-PDX (29)'7*
utilize aniline-fused DPA binding units to furnish probes with
reduced binding affinity (Kq = 1 uM for NG-DCF, Ky =
30—40 uM for NG-PDX). The diacetate form of NG-DCF
has been used to image cytosolic entry of Zn>* through
voltage- or glutamate-gated ion channels.'”>'7¢

Phenyliminodiacetate (PIDA) is another low-affinity zinc
chelator used for fluorescence detection of Zn**. FluoZin-1
(30) and FluoZin-2 (31) are representative Zn>"-sensing
analogs to the calcium sensors Fluo-4 and Calcium Green.'”
FluoZin-1 displays a 200-fold increase in fluorescence in
response to Zn”>" addition with a Ky of 7.8 uM. FluoZin-2
exhibits a 12-fold turn-on to Zn>" with a Ky of 2.1 UM.
Rhodamine analogs RhodZin-1 (32) and X-RhodZin-1 (33)
have also been elaborated.'’ Because these probes are
similar to their Ca®* counterparts, they exhibit some sensi-
tivity to millimolar concentrations of Ca**.

Lippard and co-workers have pursued several avenues to
obtain fluorescein-based zinc sensors with moderate Zn>"
dissociation constants. For example, substitution of a DPA
pyridine donor with a thioether or thiophene donor affords
the Zinspy (ZS) family of probes.'””'”® ZS5 (34) is the most
useful of the series, exhibiting a 4-fold fluorescence turn-on
upon Zn>"-binding with a high Zn?*-bound quantum yield
(® = 0.80) and micromolar Zn*" affinity (Kg = 1.5 uM).
Interestingly, imaging experiments reveal not only that ZS5
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Chart 3. Visible-Excitable, Intensity-Based Fluorescent Sensors with Moderate Zn>" Affinities
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responds to Zn>" in live cells but that this dye colocalizes
with mitochondria in HeLa cells. This probe is capable of
imaging glutamate-induced Zn>* intake in embryonic hip-

aminoquinoline units for metal chelation, has a higher turn-
on response to Zn**+ (Pypo = 0.005; Ppoung = 0.70) with
similar Zn?"-binding characteristics (Kq = 41 uM). Imaging

pocampal neurons and S-nitrosocysteine (SNOC)-induced
Zn*" release from native protein stores in dentate gyrus
neurons (Figure 3). Substitution of a DPA 9plcolyl arm with
a pyrrole affords ZP9 (35) and ZP10 (36)."”° ZP9 binds Zn>"
with moderate affinity (Kq = 0.69 uM), exhibits a 12-fold
turn-on response, and can image endogenous Zn>" stores in
adult rat hippocampal slices. Finally, the Quinozin (QZ)
family of sensors combines versatile aldehyde fluorescein
starting materials with quinoline receptors.'®® Cell-permeable
QZ1 (37), with one aminoquinoline unit for metal chelation,
binds zinc with micromolar affinity (Kg = 33 uM) and
exhibits a 44-fold increase in fluorescence in response to
Zn* (@, = 0.024; Ppouna = 0.78). QZ2 (38), with two

Z85 +SNOC, 1 min

Figure 3. Imaging endogenous Zn>"

3 min

experiments in HeLa cells were used to compare the abilities
of low- afﬁmty QZ2 and h1§h affinity ZP3 (K4 = 0.7 nM) to
sense varying levels of Zn*" in the cell. Cells were incubated
with a range of Zn>* concentrations (0 to 200 uM); ZP3
displayed saturation behavior beginning at 50 uM, whereas
QZ2 was not yet saturated at 200 uM.

Lower affinity Zn>" sensors are also available from the
modular ZnAF platform developed by Nagano and co-
workers.'"®! In particular, a series of ZnAF derivatives
(39—43) were prepared that systematically probed the factors
of zinc-chelator denticity, sterics, and chelate ring size,
resulting in a family of Zn?*-responsive sensors that can
detect Zn>" concentrations from 107'° to 107> M. The

7 min

5 min +TPEN, 2 min

release in primary dentate gyrus neuronal cultures following nitrosative stress with ZS5 (34). The

cells were treated with 10 uM ZS5 (30 min, 37 °C, 5% CO,), washed, and imaged. An aliquot of SNOC was added (final concentration
= 1.5 mM), and the fluorescence change was recorded at 1-min intervals. Time points for 0, 1, 3, 5, and 7 min are shown. The right-most
panel shows the fluorescence decrease that occurred 2 min after addition of 200 uM N,N,N',N'-tetrakis-(2-pyridylmethyl)-ethylenediamine
(TPEN). The scale bar indicates 25 um. Reprinted with permission from ref 177. Copyright 2006 American Chemical Society.
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Figure 4. Fluorescence response of ZnAFs detecting extracellularly released Zn>" in hippocampal slices. Fluorescence excited at 470—490
nm was measured soon after rat hippocampal slices were loaded with 1 uM ZnAF-2 (21, K4 = 2.7 nM) (a), ZnAF-2M (38, K4 = 38 nM)
(b), ZnAF-3 (40, K4 = 0.79 uM) (c), or ZnAF-4 (41, Kg = 25 uM) (d). Then, 50 mM KCI (at 1 min) and 10 mM CaEDTA (at 10 min)
were added to the imaging solution. Bright field images and fluorescence images at O min (before), at 3 min (+50 mM KCl), and at 15 min
(+10 mM CaEDTA) are shown in each row. Relative fluorescence intensities of DG, CA3, and CA1 are shown in the bar graph, expressed
as mean + SE (n = 3 for ZnAF-2, ZnAF-3, and ZnAF-4 and n = 5 for ZnAF-2M). The bottom schematic (e) shows the approximate
positions used for measurements of fluorescence intensity in the dentate gyrus (DG), CA3, CAl, and R (as a reference) region. Reprinted
with permission from ref 181. Copyright 2005 American Chemical Society.

modified ZnAFs are membrane-impermeable, whereas their
diacetate versions are permeable. Moreover, these dyes can
monitor, in real time, Zn>" release in hippocampal slices
provoked by potassium-induced neuronal depolarization; the
differences in observed localized fluorescence intensities
using sensors with varying Ky values elegantly establishes
the value of sensors with tunable binding affinities (Figure
4). Whereas the high-affinity ZnAF-2 (Kq = 2.7 nM) can
report increases in Zn®" concentrations throughout the
hippocampal slice upon depolarization, the weaker-binding
ZnAF-3 (K4 = 0.79 um) only detects increased levels of Zn>"
in the dentate gyrus. The weakest-affinity probe, ZnAF-4
(Kq = 25 uM), detects no changes in 7Zn>" concentration.
These results, as well as the QZ2/ZP3 comparison, highlight
the importance of developing metal ion probes with a range
of available binding affinities for imaging studies.

2.3.3.4. Intensity-Based Zinc Sensors with Near-Infra-
red Excitation. Fluorescent sensors that absorb and emit
light in the near-infrared (NIR) region of the electromagnetic
spectrum are of great interest for potential in vivo imaging
applications. In particular, the optical window between 650
and 900 nm is capable of penetrating skin and tissue with
minimal cellular autofluorescence. These features, combined
with the low scattering ability of emitted NIR photons,
presages a rich future for molecular sensors that operate in
this optical region.'®* To the best of our knowledge at this
time, only one intensity-based fluorescent zinc sensor with
NIR excitation and emission has been reported (Chart 4).'
The sensor DPA-Cy (44) combines the familiar DPA Zn*™"

Chart 4. An Intensity-Based Zn>" Sensor with
Near-Infrared Excitation

L
Kl 4 = N
% 5

receptor with a propyl-substituted tricarbocyanine fluoro-
phore. Apo- and holo-DPA-Cy both have a 730 nm excitation
wavelength and a 780 nm emission wavelength in 9:1
water—acetonitrile solution. Binding of Zn** to the probe
furnishes a 20-fold increase in quantum efficiency (®,p, =
0.02, @poyng = 0.41, measured in methanol) with high affinity
for Zn** (K4 = 63 nM). DPA-Cy responds to exogenously
applied Zn>" in live macrophages.

2.3.3.5. Ratiometric Fluorescent Zinc Sensors. Intensity-
based fluorescent zinc sensors are of practical utility for
tracking labile pools of Zn** in biological systems. However,
using these reagents to quantify changes in dynamic Zn*"
concentrations in these complex environments is challenging
owing to variations that can arise from excitation input and
collected emission output intensities, as well as heterogene-
ities in biological sample dissections and preparations.
Ratiometric sensors offer the ability to simultaneously
monitor both the free and bound states of the probe using

DPA-Cy, 44
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Chart 5. Ratiometric Fluorescent Zn>" Sensors
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dual excitation or dual emission measurements. The internal
standard afforded by ratiometric imaging has prompted
interest in devising sensors that shift their excitation or
emission profiles upon Zn** recognition. Chart 5 shows some
ratiometric fluorescent Zn®>" probes that have appeared in
the literature.

FuraZin (45) and IndoZin (46) are PIDA-modified ratio-
metric Zn>* sensors derived from classic Fura and Indo Ca®*
sensors.'’* These probes utilize an internal charge transfer
(ICT) mechanism for sensing, where metal ion binding tunes
the electron-donating properties of the receptor. Upon binding
Zn**, FuraZin undergoes an excitation wavelength shift from
378 to 330 nm with a constant emission wavelength (510
nm). In contrast, IndoZin exhibits a blue shift of its emission
wavelength from 480 to 395 nm upon Zn>" recognition with
a constant excitation maximum (350 nm), giving a >100-
fold fluorescence ratio change. FuraZin and IndoZin both
show moderate Zn>" affinities (K4 = 3.4 uM for FuraZin,
K4 = 3.0 uM for IndoZin) with good selectivity over cellular
concentrations of Ca*>* and Mg2+. ZnAF-R1 (47) and ZnAF-
R2 (48) are a related pair of ratiometric Zn*" sensors based
on the Fura platform.'®* Both reagents utilize a DPA receptor
for specific Zn>" detection. ZnAF-R2 displays a blue shift
in excitation wavelength from 365 to 335 nm when Zn*" is
added with an emission maximum at 495 nm, giving a ca.
4-fold fluorescence ratio change in the presence of 1 equiv
of Zn>". ZnAF-R2 has a Ky of 2.8 nM for Zn>". The ethyl
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ester of ZnAF-R2 is cell-permeable and was used to image
labile Zn>" in live macrophages.

A different approach to ratiometric Zn>* sensing involves
a two-fluorophore system that is cleaved into two indepen-
dent molecules by esterases upon entry into the cell. One
part of the prosensor cassette is zinc-responsive and the other
moiety serves as a constant standard. Coumazin-1 (CZ1, 49)
is a first-generation probe based on this concept and is
comprised of a ZP-derived Zn** sensing portion and an ester-
linked coumarin appendage that is insensitive to Zn*".'®>
The two-fluorophore sensor exhibits low background fluo-
rescence due to intramolecular quenching (® = 0.04). Upon
esterase cleavage, the coumarin (Aex = 445 nm, A, = 488
nm) and ZP (Aex = 505 nm, Aery = 534 nm) fragments are
separated. The Is3/l433 emission ratio is 0.5 in the absence
of Zn*"and increases by over 8-fold upon addition of Zn**
As with its ZP1 analog, CZ1 has low nanomolar affinity for
Zn*" (Kq = 0.25 nM) with good metal ion selectivity.
Experiments with HeLa cells show that CZ1 is membrane-
permeable and can be used for ratiometric Zn®" detection
in living systems. CZ2 (50) is a more rapidly cleaved second-
generation analog that also can operate within cells.'®

Another strategy for ratiometric Zn** detection exploits
an excited-state intramolecular proton transfer (ESIPT) mecha-
nism using benzimidazole and benzoxazole scaffolds.'”-'#8
In these types of probes, disruption of hydrogen bonding
between the heterocyclic nitrogen atom lone pairs and
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Figure 5. Emission ratio images of fibroblast [L(TK)—] cells
stained with Zinbo-5 (51).: (A) brightfield transmission image; (B)
ratio of images collected at 445 and 402 nm emission wavelengths;
(C) ratio image following a 30 min treatment with 10 uM zinc
sulfate and 20 uM pyrithione at pH 7.4, 25 °C, followed by
incubation with Zinbo-5; (D) ratio image of the same field after a
15 min treatment with 1 mM TPEN. Reprinted with permission
from ref 188. Copyright 2004 American Chemical Society.

pendant hydrogen-bond donors by Zn*" chelation modulates
ESIPT with concomitant shifts in excitation or emission
profiles. For example, benzimidazole dyes containing zinc-
chelating sulfonamides exhibit a wide range of substituent-
dependent Zn>" binding affinities and optical responses (e.g.,
51—53)."87 By changing the benzimidazole substituent from
hydrogen (51) to monopicolylamine (52) to DPA (53), a
range of binding affinities is obtained (K4 = 32 uM, 0.6 nM,
and 0.8 pM respectively). In addition, these probes are
selective for Zn>" over other biologically relevant cations,
with some response seen toward Cd>". The ratio of emission
intensities at 400 and 500 nm for these probes can change
by up to 82-fold upon Zn>* coordination. Zinbo-5 (54) is a
ratiometric Zn”" sensor that combines a benzoxazole reporter
with an appended phenolic group and a picolyl amine group
for tighter Zn>" binding (Ky = 2.2 nM) and higher Zn**
selectivity.'®® Zn?* binding produces changes in excitation
(Aapo = 337 nm t0 Apouna = 376 nm) and emission (Aypo =
407 nm to Apouma = 443 nm) wavelengths with a slight
increase in quantum yield (®,p, = 0.02; Pyouna = 0.10); the
fluorescence intensity ratio (Iu3/l39s) changes by over 30-
fold upon coordination of 7Zn>". Moreover, Zinbo-5 is
capable of detecting changes in intracellular Zn>* concentra-
tions in fibroblast cells using two-photon microscopy in a
ratiometric imaging mode (Figure 5).

Zin-naphthopyr-1 (ZNP1, 55) is a ratiometric zinc sensor
based on a hybrid seminaphthofluorescein scaffold.'® This
tautomeric sensor has two mesomers with fluorescein-like
(naphthoxyquinone mesomer) and naphthofluorescein-like
(phenoxynaphthoquinone mesomer) optical properties. Apo-
ZNP1 exhibits properties of both mesomers with two
absorption (A = 503 and 539 nm) and emission (A = 528
and 604 nm) bands in the visible region. In contrast, the
Zn*"-bound form of ZNP1 displays only one absorption band
at 547 nm and one dominant emission band at 624 nm with
a minor band at 545 nm. Addition of Zn*" causes the 54/
Isyg fluorescence intensities to rise from 0.4 to 7.1, a ca. 18-
fold ratio increase. ZNP1 binds Zn*" with nanomolar affinity
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(Kq = 0.55 nM) with good selectivity over other biologically
relevant cations. The ZNP1 diacetate derivative is membrane-
permeable and capable of imaging NO-induced release of
endogenous Zn>" stores in live COS-7 cells.

A final ratiometric Zn>* sensor with NIR excitation and
emission profiles is DIPCY (56), which combines a tricar-
bocyanine reporter dye with a DPA zinc receptor.'® Zn**
binding causes a large red shift in absorption maximum for
the sensor from 627 to 671 nm. The ratio of emission
intensities collected at 760 nm upon excitation at 671 and
627 nm increases by ca. 5-fold upon Zn*" binding with high
affinity (K¢ = 98 nM). No biological applications of this
probe have been reported as of yet.

2.3.3.6. MR-Based Zinc Sensors. A relatively small
number of MR-based zinc sensors exist compared with their
fluorescent counterparts (Chart 6). The few examples re-
ported so far rely largely on modulating the local environ-
ment around a metal contrast agent center by peripheral Zn*"
binding, an approach inspired by the smart MRI contrast
agents pioneered by Meade for reporting enzyme activity.'”!
The first MRI contrast agents designed for Zn>" sensing
feature Gd**-DTPA (diethylenetriaminepentaacetic acid)
derivatives modified with two to four picolyl groups for
external Zn** chelation.'*®'?” The tetrapicolyl sensor Gd-
57 exhibits a 33% decrease in relaxivity from 6.06 to 3.98
mM ™" s™! upon binding 1 equiv of Zn**."*® Surprisingly,
the addition of excess Zn>" increases the observed relaxivity
back to original values by formation of 2:1 Zn**/sensor
adducts. To avoid this type of Zn** concentration depen-
dence, two new Gd*" chelates were prepared containing two
pyridine and two acetate groups for Zn>" recognition.'*” One
of these sensors, Gd-58 displays a similar decrease in
relaxivity that plateaus at 1 equiv of Zn*>*.

A Eu**-based PARACEST MR contrast agent for sensing
7Zn*" has also been reported (Eu-59)."°2 PARACEST (para-
magnetic chemical exchange saturation transfer) contrast
agents induce hyperfine shifts in the signals of proximal
NMR-active nuclei; such shifts can be modulated by changes
in the lanthanide coordination environment.'”® Eu-59 is a
DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid) analog bearing two additional Zn>"-responsive DPA
groups. Binding of Zn*" to Eu-59 triggers a linear decrease
in its CEST effect, with up to 50% quenching at 1 equiv of
Zn*". Phantom MR images (i.e., MR images of contrast
agent solutions) show that the response of Eu-59 is selective
for Zn** over Ca** and Mg**.

Recently, two new additional smart agents for MR
detection of Zn>" have been reported. The first agent is a
dual-function porphyrin-based Zn*"-responsive sensor for
MR and fluorescence imaging (Mn-60). Such multimodal
imaging agents are gaining popularity because they afford
an efficient and versatile approach to target validation by
multiple imaging techniques. The water -soluble porphyrin
(DPA-C,),TPPS; can be used as a fluorescent 7Zn>" sensor
within cells, whereas its Mn>" complex can detect Zn>"
using MRI."*® Mn-60 exhibits an unexpected decrease in R,
relaxivity from 8.70 to 6.65 mM ' s~ upon addition of Zn>"
with a concomitant increase in R, relaxivity. However, in
cell pellet experiments, increases in both R, and R, were
observed in Zn>t-treated cells versus untreated cells. Finally,
a Gd*>"-based contrast agent (Gd-61) utilizing a DO3A
(1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid) platform
for lanthanide chelation and a PIDA moiety has been
described as a Zn*"-responsive MR agent.'* This sensor
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Chart 6. MR-Based Zn>" Sensors
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displays good selectivity for Zn*" over alkali and alkaline
earth cations.

3. Iron in Neurobiology

3.1. Basic Aspects of Iron in the Brain
3.1.1. Tissue Concentrations and Distributions

The average human adult requires approximately 5 g of
iron, making this nutrient the most abundant transition metal
in the body. Iron is also the most abundant transition metal
in the brain because this organ has the highest rate of
oxidative metabolism in the body, and brain tissue utilizes
iron as a key component of enzymes involved in oxygen
transport and metabolism.'** The levels of iron in the brain
vary from region to region and can reach >1 mM concentra-
tions in localized neurons. The highest concentrations of
neuronal Fe are found in the basal ganglia,'*>~'*® a region
of the brain associated with motor function, cognition,
emotions, and learning. Globally, brain cell types that
typically stain for iron in healthy systems are oligodendro-
cytes, microglia, some astrocytes, and neurons, with oligo-
dendrocytes being the most rich in iron.'**?° These iron
concentrations typically correspond to the ferritin concentra-
tions in these cells with exception in dopaminergic neurons
within the substantia nigra and noradrenergic neurons of the
locus ceruleus, where instead, much of the iron is localized
in neuromelanin granules.?' Biological iron is most com-
monly found in the +2 (ferrous) and +3 (ferric) oxidation
states, though higher oxidation states can be generated in
enzymatic catalytic cycles. Fe?*"** concentrations in the
extracellular environment are in the low micromolar range
in the cerebrospinal fluid (CSF)*°? and are typically between
20 and 30 M in the blood serum of a normal human adult.
Intracellular iron concentrations in neurons can range from
0.5 to 1.0 mM.?*> A majority of this brain iron is tightly
held by the storage protein ferritin (Ft). Other protein-bound
iron stores are housed in the iron transport protein transferrin

(Tf), iron—sulfur proteins (e.g., aconitase), heme enzymes
(e.g., cytochrome ¢ oxidase, catalase, cytochrome P-450),
and nonheme iron enzymes (e.g., tyrosine hydroxylase,
ribonucleotide reductase). Despite the widespread need for
iron in brain tissue, only about 5—10% of brain iron is
estimated to be essential for iron-dependent processes.** A
large portion of this unutilized Fe, estimated to be between
33%2Y? and 90%,% is chelated as Fe*" in Ft. The presence
of exchangeable iron in the brain has been proposed to exist
in the intracellular environment, in a store termed the labile
iron pool (LIP).?°2% This putative buffered reservoir
contains labile Fe*" and Fe** ions bound by small anions
(PO43_, CO:>", citrate), polypeptides, and surface compo-
nents of membranes (i.e., phospholipid head groups).?>” The
existence of this pool is still under active debate as methods
for probing the LIP have not yet been optimized and
standardized. Despite only being vaguely defined, estimated
concentrations of Fe in the LIP range from 50 to 100 uM
under normal conditions and can vary during times of iron
overload or deprivation.?'® We note that this potential labile
iron pool in the brain is redox-active whereas the labile zinc
pool is not, which offers a new dimension of reactivity for
the former. The large amount of iron in the brain, questions
regarding its function, and the observation that iron ac-
cumulates in the brain with age have made its neurobiology
a subject of great interest to chemists and biologists alike.

3.1.2. Brain Iron Homeostasis

The abundance of iron in the brain and throughout the
body and its potent redox activity requires tight regulation
to avoid oxidative damage to the cell by unbridled iron-based
Fenton chemistry, as illustrated in Figure 6.*''*'* To
circumvent the insolubility of Fe*>" at neutral pH, the body
extensively utilizes two proteins, ferritin (Ft) and transferrin
(Tf), for the storage and trafficking of iron. Ft is a globular
iron storage protein’'® consisting of 24 subunits>'® that can
bind up to 4500 iron atoms in its 80 A cavity in a nontoxic,
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Figure 6. A schematic model for brain iron homeostasis. List of
abbreviations: Cp, ceruloplasmin; DMT], divalent metal transporter-
1; FPNI1, ferroportin-1; Ft, ferritin; FtR, ferritin receptor; HP,
hephaestin; IRE, iron responsive element; IRP, iron regulatory
protein; LIP, labile iron pool; Tf, transferrin; TfR, transferrin
receptor.

water-soluble, and bioavailable form. In humans and other
mammals, Ft consists of two types of polypeptide chains,
termed heavy (H) and light (L), that are present in variable
amounts in the protein. H chains possess ferroxidase centers
that rapidly oxidize Fe*" to Fe®, which then binds to L
chains present in the core of the protein for storage. The
relative ratios of H- and L-ferritin depend on cell type, with
neurons expressing predominantly H-ferritin, microglia
expressing mostly L-ferritin, and oligodendrocytes containing
equal amounts of both chains.>'” Tf is an abundant bilobal
protein found most commonly in plasma®'® and contains
two high-affinity ferric binding sites (Kq &~ 1072 M)*"® for
transporting iron throughout the body. Tf in the brain is
produced almost exclusively by oligodendrocytes (~
95%)**?! and, in conjunction with the storage protein
ferritin, plays a critical role in brain iron homeostasis.
Iron is initially absorbed through the gastrointestinal tract
and eventually incorporated into proteins such as Ft and
plasma Tf, and uptake of iron into the brain through the
blood—brain barrier (BBB) requires Tf and the transferrin
receptor (TfR).2!? In the diferric state, Tf is recognized by
TfR and the resulting TfFe,—TfR complex is endocytosed.
Evidence that these proteins are essential for transport of
iron across the BBB comes from antibody studies of brain
endothelial cells,”** which showed that the tightly packed
endothelial cells that compose blood capillaries of the BBB
contain TfRs in mice and humans. In contrast, endothelial
cells of other organs do not express TfRs, suggesting that
this receptor may be a key mediator of iron transfer into the
brain. After the TfFe,—TfR complex is internalized by the
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brain endothelial cells, the precise mechanism(s) by which
Fe is subsequently released into the brain remain(s) unre-
solved; plausible possibilities include transcytosis of the
complex, a process in which the complex is endocytosed on
one side of the cell and exocytosed on the other, or proton-
induced release of the metal ions within the endosome.?'?

Once in the brain, iron can enter cells through a few major
pathways, depending on the cell type and brain region. The
most common pathway occurs mainly in neurons in the gray
matter and employs Tf and TfR in the transferrin-to-cell
cycle. The initial step, similar to the proposed mechanism
for Fe uptake through the BBB, involves the internalization
of the TfFe,—TfR complex into the cell via clathrin-coated
endosomes. Acidification of the endosome releases Fe*" from
Tf, and the Fe*" is subsequently reduced to Fe*" through a
mechanism that has yet to be elucidated. The divalent metal
transporter-1 (DMT]1) transports Fe*™ out of the endosome
to mitochondria via mitoferrin, a mitochondrial iron importer
that is a member of the SLC25 solute carrier family,*** and
other unidentified Fe transporters for the biosynthesis of heme
and iron—sulfur clusters. Any spillover iron is subsequently
stored in Ft. The apoTf—TfR complex is shuttled back to
the cell membrane and released to position Tf for another
Fe binding cycle. An alternative pathway for iron uptake
into cells employs Ft and Ft receptors (FtR), chiefly
expressed in the white matter (that is, the brain region
containing myelinated fibers that connect different regions
of gray matter) in oligodendrocytes.?*?** Similar to the Tf/
TfR pathway, the Ft/FtR complex is endocytosed into cells
in an ATP- and clathrin-dependent fashion, and ultimately,
Ft-derived Fe ions are delivered to the cell.*?® A third
potential distinct pathway for brain cell iron uptake utilizes
another iron-binding protein, lactoferrin, for importing iron
into neuromelanin cells.*'?

Iron homeostasis within the cell is regulated on a
translational level with iron responsive elements (IREs) and
iron regulatory proteins (IRPs).??’~3! IREs are nucleotide
sequences found on mRNA, while IRPs recognize and bind
IREs to control the translation of a mRNA sequence. Two
main IRPs have been identified: IRP1, which is ubiquitously
expressed throughout the body, and IRP2, which is localized
mainly to the intestine and the brain. Expression of TfR, Ft,
and other proteins involved in iron metabolism is tightly
orchestrated by IRP/IRE interactions. Five IREs are present
on the 3' end of TfR mRNA and one IRE appears on the 5’
end of Ft mRNA. During times of iron depletion, the cell
compensates through an elegant balance of translational
regulation: IRPs bind to IREs of TfR mRNA to prevent the
message degradation and ensure that iron uptake is maxi-
mized, whereas translation of Ft mRNA is halted when an
IRP binds to the Ft mRNA IRE to minimize the population
of iron bound in storage proteins. An overabundance of
intracellular iron induces a conformational change in the IRPs
to prevent IRE binding. This conformational change is due
to the formation of an iron—sulfur cluster within the
protein.?** The consequences of this change are 2-fold: Ft
synthesis is up-regulated in order to sequester the excess iron,
and TfR mRNA degradation is increased to minimize further
uptake. In addition to Ft and TfR, other proteins whose
expression is controlled by the IRP/IRE system include
DMT1, ferroportin-1 (FPN1), and cytochrome b reductase-1
(DCYTB).

Export of iron from the cell is controlled by ferroportin-1
(FPN1), also known as iron-regulated transporter-1 (IREG1)
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or metal transport protein-1 (MTP1).%**%¢ FPNI is ex-
pressed in the basolateral surfaces of duodenal enterocytes,
placental syncytiotrophoblasts, liver and spleen macrophages,
and the brain.?**#*237-238 Genetic evidence for the role of
FPNI in iron transport was obtained from studies of zebrafish
with the weissherbst mutation that affects the FPN1 gene;
these organisms suffer from hyperchromic anemia due to
low iron levels in the blood.”** A separate study showed
that overexpression of FPNI1 leads to intracellular iron
deficiency,”” indicating a role for this protein in cellular
iron efflux. FPN1 transports Fe out of cells in the form of
Fe?", and while the exact source of Fe>" is unknown, the
LIP or an Fe-chaperone protein have been proposed. Fe?*
efflux requires the presence of a ferroxidase, such as ceru-
loplasmin (Cg) or hephaestin (HP), which 2presumably
oxidizes the Fe*" to Fe*" in the extracellular space.?**233-23%-240
For example, experiments in Xenopus oocytes establish that
FPN1 mediates iron efflux out of the cell only in the presence
of HP**® and that mutations in the HP gene result in altered
cellular Fe homeostasis.*** Glycosylphosphatidylinositol-
anchored Cp (GPI-Cp) is highly expressed in brain astrocytes
and plays a similar role in mediating iron efflux from these
cells.?*! Recently, colocalization of FPN1 and HP has also
been reported in astrocytes, microglia, oligodendrocytes, and
neurons,”** providing further evidence for the need for a
ferroxidase. The IRP/IRE system regulates FPN1 expression,
but in addition, FPN1 is post-translationally regulated by the
peptide hormone hepcidin®** found in regions including the
liver and the central nervous system.>** Binding of hepcidin
to FPN1 induces endocytosis of the protein, preventing iron
export.”*?

3.2. Physiological and Pathological Functions of
Brain Iron

3.2.1. Iron Neurophysiology

Iron is an indispensable metal in the body as a component
of numerous metalloproteins.'®* In addition to Fe storage
and transport proteins, many enzymes exploit the ability of
Fe to attain several oxidation states, including the heme-
containing oxygen transport proteins hemoglobin and myo-
globin, oxygenase enzymes such as cytochrome P450 and
tyrosine hydroxylase, and electron transfer proteins that
require Fe—S clusters or heme-containing cytochromes a,
b, and c.

The brain has specialized requirements for Fe redox
chemistry above normal oxidative metabolism. In particular,
enzymes involved in neurotransmitter synthesis have a more
specific significance with respect to neurophysiology. Fe is
a required cofactor for three tetrahydrobiopterin-dependent
metalloenzymes that are key players in neurotransmitter
synthesis: phenylalanine hydroxylase, tyrosine hydroxylase,
and tryptophan hydroxylase. Phenylalanine hydroxylase
converts phenylalanine to tyrosine, which is then shuttled
to tyrosine hydroxylase to convert tyrosine to dihydroxyphe-
nylalanine (L-DOPA). L-DOPA is an essential precursor to
dopamine, a neurotransmitter important in motor function,
behavior and cognition, motivation and reward, etc. Changes
in Fe concentration in the brain greatly affect this dopam-
inergic system, with noticeable behavioral changes in subjects
when brain iron content drops more than 15% below normal
levels.?*> Dopamine is in turn a precursor to norepinephrine
and epinephrine, neurotransmitters responsible for the body’s
“fight or flight” response. As a component of tryptophan
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hydroxylase, Fe facilitates the conversion of tryptophan to
5-hydroxytryptophan; the latter is an essential precursor to
serotonin, a neurotransmitter connected to appetite, sleep,
anger, aggression, etc.

Iron also plays direct and indirect roles in myelin synthesis
in the brain.>*® Myelin is the insulating phospholipid layer
found on oligodendrocytes and other cells in the white matter,
which serves to increase the speed of impulses that run along
myelinated fibers in the brain. Two key components of
myelin are cholesterol and lipids, and iron is required for
proteins that synthesize and metabolize organic myelin
building blocks. For example, the heme-dependent cyto-
chrome P450 family is important in cholesterol synthesis,
whereas nonheme iron is required for enzymatic lipid
synthesis and degradation through fatty acid desaturases and
lipid dehydrogenases, respectively. Iron deficiency results
in hypomyelinization®*”**® and is associated with multiple
sclerosis and several other neurodegenerative diseases.****>°

3.2.2. Iron Neuropathology

An intriguing and unexplained fact is that iron levels rise
in the brain as a function of age. Fe accumulation occurs in
specific areas of the brain and is associated with a variety
of neurodegenerative diseases, including Alzheimer’s disease
(AD) and Parkinson’s disease (PD).?'??! The propensity
of Fe ions to participate in redox chemistry poses risks for
oxidative damage if unregulated, as Fe accumulation can
promote aggregation and formation of plaques by Fenton-
type oxidation of biomolecules and coordination-mediated
cross-linking.

PD is the second most common neurodegenerative disease
after AD, affecting 2% of people over the age of 65.2°% One
main characteristic of this disease is the loss of neuromelanin-
containing (pigmented) dopaminergic neurons in the sub-
stantia nigra, leading to decreased levels of dopamine and
subsequent motor symptoms including tremors, rigidity, and
motor slowing.?'**> The precise cause(s) of PD remains
largely unknown, but a hallmark of this disease is a
perturbation of brain iron homeostasis. In particular, elevated
levels of iron in PD in the basal ganglia, the region of the
brain that controls motor function, may trigger neurite
degeneration via oxidative stress.””*"2°> Moreover, imbal-
ances in the ratio of iron between the lateral globus pallidus
and the medial globus pallidus within the basal ganglia occur
in this neurodegenerative disease, resulting in more iron in
the lateral versus medial region.”>®*>’ Abnormal iron
deposits are present in oligodendrocytes, astrocytes, micro-
glia, and pigmented neurons and in the rim of Lewy bodies
in PD patients (vide infra).*>®

The source(s) of excess iron in PD remain(s) insufficiently
defined, but one hypothesis is that localized disruptions in
the BBB result in increased brain iron content.”” This
proposal is supported by a study using radiolabeled verapamil
hydrochloride, a substrate for the P-glycoprotein multidrug
resistance system in the cell membrane that does not typically
cross the BBB. Uptake of verapamil into the midbrain is
observed in PD patients but not in healthy subjects. An
alternative pathway for disruption of Fe homeostasis occurs
via misregulation of normal brain iron regulatory systems
as serum iron levels are largely unaltered in PD patients.?6*2%!
Though increases in TfR are observed in the caudate nucleus
and putamen, TfR levels in dopaminergic melanized neurons
are within normal ranges, suggesting that the Tf/TfR system
is not a likely source of excess Fe accumulation in these
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neurons.”** Increased loading of ferritin is observed in PD*’
but has not been verified as causal. Lactotransferrin and
lactotransferrin receptors are elevated in the substantia nigra
of PD brains and are a potential source of Fe accumulation
within this region of the brain.?**%* Internal iron redistribu-
tion in PD is plausible, but no data to support this notion
have been obtained.*”?

Interactions between excess Fe ions and various molecules
in the brain are implicated in the pathology of PD. For
example, Fe>" complexes of the pigment neuromelanin (NM)
have been identified in neurons within the substantia
nigra.?®>2¢ In these dopaminergic neurons, NM—Fe**
complexes are sequestered in neuromelanin granules,”’’
which can then be released into the extracellular environment.
Because these species can then in turn induce the release of
neurotoxins from microglia,?®’ formation and translocation
of NM—Fe** complexes from degenerating neurons can
trigger a cascade of events leading to neurodegeneration via
microglial toxins. PD patients that exhibit the largest
increases in NM—Fe>* in their substantia nigra neurons also
suffer the most severe neuronal loss.”®® Also present in PD
brains are Lewy bodies, which are aggregates of the protein
a-synuclein.?**?7" Interactions between the ferric ion and
a-synuclein have been studied, and the presence of Fe*"/
Fe’" with H,0, causes in vitro aggregation of o-synuclein
into fibrils that resemble those found in Lewy bodies in PD
patients.?’”"

Iron accumulation in the brain is also connected to AD.
Abnormally high levels of Fe (in addition to Zn and Cu)
occur in Af3 plaques in postmortem AD brains''® and can
potentially impact the formation of AS plaques via several
different pathways, including oxidative stress caused by
buildup of redox-active metals Fe and Cu, which results in
the oxidation and subsequent cross-linking of Af3 species.?’>
On a translational level, intracellular iron levels and distribu-
tions may also affect the expression of APP, the precursor
to AB.2’? In this regard, an IRE has been identified on the
5" end of APP mRNA, indicating that APP production is
up-regulated in situations of iron overload. Cellular Fe also
affects the post-translational processing of APP, slowing the
activity of the o-secretase protein that generates nonamy-
loidogenic fragments from APP.?’* Elevations in the amy-
loidogenic processing of APP generate more A and increase
the likelihood of plaque formation. In addition to being
present in Af plaques, Fe is also found in the neurofibrillary
tangles (NFT) observed in AD.?”> These protein aggregates
are comprised of oxidatively damaged Tau protein that likely
result from metal-induced oxidative stress.

Aside from PD and AD, several other neurodegenerative
diseases can be linked to alterations in brain iron homeostasis.
In the genetic disorder Huntington’s disease (HD),>’°
increased iron content in the striatum is observed both in
early stage HD?"” and in postmortem HD brains,?’8%%
accompanied by an increased density of oligodendrocytes,
the most iron-rich cells in the brain, and the iron-containing
myelin they produce.?®'**? Other diseases whose patholo-
gies comprise iron trafficking and distribution in the brain
include Friedreich’s ataxia, *®* aceruloplasminemia,®®*
Hallervorden—Spatz syndrome,”®® neuroferritinopathy,*°
and multiple sclerosis.?®’
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3.3. Molecular Imaging of Brain Iron
3.3.1. Overview of Traditional Iron Detection Methods

The ability to specifically detect ferrous (Fe**) and ferric
(Fe”) ions in biological environments is critical for fully
elucidating the complex physiological and pathological roles
of Fe in living systems. Both Fe?" (4s%3d°) and Fe* " (4s23d°)
are well suited for interrogation by several spectroscopic
techniques due to their unfilled d-shells, their paramagnetic
nature (labile Fe** is predominantly high spin in aqueous
biological environments), and their various isotopes. In
addition to AA*®® and inductively coupled plasma (ICP)
spectroscopy,®®**? histochemical staining is another tradi-
tional method to study iron in the brain. One of the earliest
assays for detecting Fe®" is Perls’ method,**° a histochemical
stain that exploits the ability of labile Fe®* to react with
ferrocyanide ([Fe(CN)s]*~ to yield the intensely colored
Prussian blue compound (Fe;(CN)g°xH,0). Administration
of the colorless ferrocyanide and HCI (to release nonheme
iron) to postmortem brains of PD patients elicits bright blue-
colored staining in oligodendrocytes, microglia, and macroph-
ages but not in neurons, demonstrating the relative insensitivity
of this technique.?”® The addition of diaminobenzidine'®”-*°!
provides some improvement for iron detection.
The Turnbull method is a modified Perls’ method that uses
ferricyanide ([Fe(CN)¢]* ") instead of ferrocyanide to detect
Fe?*,? following pretreatment with ammonium sulfide as
a reducing agent to prevent air oxidation.”** Although these
methods are of utility for qualitative Fe®>" and Fe*" detection,
they suffer from several disadvantages including insensitivity,
toxicity, and the need to use fixed samples.

Various isotopes of Fe have also been utilized to track
iron in the brain. Radioactive >°Fe, with a half-life of almost
45 days, can probe the transport of Fe across the BBB and
throughout the brain.?’? °Fe detection can provide useful
information regarding the gross distribution of iron but lacks
subcellular resolution and cannot distinguish between dif-
ferent oxidation states of the metal. Moreover, this isotope
exposes subjects to ionizing radiation. Another iron isotope,
7Fe, can be monitored using Mdssbauer spectroscopy and
has been applied to characterize Fe content in the substantia
nigra of postmortem PD brains.?*> Méssbauer spectroscopy
is a potentially powerful technique for probing brain iron
owing to its ability to aid in determining oxidation state, spin
state, and sometimes speciation. Unfortunately, >’Fe is only
2% naturally abundant, so signal-to-noise is an issue unless
samples are enriched with this expensive isotope. In addition,
the lower temperatures typically used in Mdssbauer experi-
ments most likely limits measurements to fixed biological
samples.

Finally, more sophisticated methods, including extended
X-ray absorption fine structure (EXAFS),?*’ X-ray fluores-
cence,?”® and laser microprobe mass analysis (LAMMA),
have been used to characterize iron in biological samples.
For example, in LAMMA, a small portion of a sample is
vaporized, ionized by a high-energy laser pulse, and analyzed
by mass spectrometry. The detection limit for LAMMA is
ca. 3 ppm, allowing this technique to identify increased iron
and aluminum concentrations in neurons bearing NFT in AD
patients?’> and in NM granules.”®” However, LAMMA and
the other aforementioned techniques are sample destructive
and cannot be used in live biological settings.
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3.3.2. Criteria for Molecular Imaging of Iron in Living
Systems

Effective fluorescence- and MR-based probes for studying
iron in living systems must meet the same general criteria
as for other metal sensors, including selectivity, optical
qualities, and biological compatibility. In addition, methods
that would allow for selective Fe** or Fe*" detection would
be desirable. One major challenge for systems involving iron
chelators is the propensity for oxidation of Fe*" to Fe**
under ambient conditions, preventing differentiation between
these two oxidation states. Another challenge is the issue of
spin, because the spin-state plasticity of d° and d° iron ions
in different electronic and structural environments can greatly
complicate sensor design. With specific regard to fluorescent
sensing, probes that exhibit a turn-on increase response to
Fe ions are preferred but are difficult to obtain owing to the
paramagnetic quenching nature of Fe** and Fe*" in aqueous,
biological environments. Table 2 provides a summary of
properties for Fe*"/Fe®" detectors.

3.3.3. Survey of Fluorescent and MRI Iron Sensors

3.3.3.1. Turn-off Fluorescent Sensors for Iron. Two
commercially available fluorophores for general metal ion
detection have been applied as turn-off sensors for Fe*" ions
(Chart 7), calcein (62) and Phen Green SK (63). Calcein is
a fluorescein-based probe with an EDTA-like chelating
moiety for metal ion binding. A 46% decrease in calcein
fluorescence is observed upon addition of excess Fe’*,
whereas Fe** elicits only a 6% emission turn-off.>*® Calcein
binds Fe** tightly (K4 = 10~'* M), but this probe is not
iron-selective because it also exhibits high turn-off responses
to Cu®", Ni’", and Co*". Phen Green SK is another
commercially available probe that displays a nonspecific
fluorescence turn-off with Fe?* (93% quenching), Fe*™"
(51%), and other metal ions (Cu®*, Cu™, Hg*>", Pb**, Cd**,
and Ni**).?®? Cells loaded with Phen Green SK show weak
fluorescence that increases upon addition of 2,2'-bipyridine.
Though these experiments suggest that Phen Greek SK is
capable of responding to iron levels in the cell, given the
low selectivity of both the probe and bipyridine for Fe**, a
portion of the response may be due to binding of other metal
ions.

Several turn-off probes for Fe>™ have been developed
using receptors derived from siderophores, which are chelat-
ing natural products excreted by microorganisms for Fe**
sequestration (Chart 8). Intrinsically fluorescent siderophores
such as azotobactin 9 (64) (Aex = 380 nm; Aey, = 490 nm)
have been employed for ferric ion detection.**® Azotobactin
d is a highly sensitive probe for Fe>™ (Kq = 8 x 1072° M)
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with relatively good selectivity, showing some interference
only with Cu”* and AI*". Siderophores tethered to fluores-
cent dyes have also been reported for iron sensing, including
desferrioxamine with appended fluorescein (FL-DFO, 65)°°!
or nitrobenzoxadiazole (FL-NBD, 66)302 moieties, as well
as a ferrichrome-type siderophore linked to NBD (67).°%
These probes maintain the high sensitivity and selectivity
of unmodified siderophores but still respond by quenching.
Finally, fluorophores bearing siderophore-inspired hy-
droxypyridinone groups for Fe®" chelation have been
reported.'>>3943% A library of compounds using a coumarin
scaffold modified with a bidentate chelator were synthesized
including coumarins 68'>> and 69.°°> These cell-permeable
fluorophores are efficiently quenched (>90%) by Fe** and
bind the metal ion in a 3:1 ligand to metal stoichiometry. A
smaller analog (70), in which the fluorescent moiety and the
hydroxypyridinone chelator are incorporated into a more
compact unit has been explored to study the distribution of
therapeutic iron chelators in biological settings.***

3.3.3.2. Turn-on Fluorescent Probes for Iron. A few
probes have been described that exhibit a turn-on fluores-
cence response to iron ions but none have been utilized
successfully for biological assays (Chart 9). A coumarin
platform (71) modified with two aza-18-crown-6 moieties
displays increased fluorescence (Aex = 336 nm; Aey, = 412
nm) in the presence of aqueous Fe®" with a moderate affinity
for Fe>™ (Ky = 6.7 uM).*°® BODIPY-based 72 contains a
pendant dithia-aza-oxa macrocycle and exhibits a turn-on
response in acidic aqueous solution (pH 5—6).%°7 This dye
exhibits dual emission profiles in aqueous solution from
locally excited (LE, Ae, = 508 nm) and charge transfer (CT,
Aem = 634 nm) states. The ratio of fluorescence intensities
between these bands (Icr/ILg) in the apo state is ~5.5, a value
that changes to ~0.5 with Fe’" binding as LE emission
increases and CT emission decreases.

Another approach to Fe*™ detection exploits the reversible
equilibrium between the spirolactam and ring-opened forms
of rhodamine, an approach that has also been used for
detection of Cu*" (vide infra).308 Two rhodamine B scaffolds
were linked with diethylenetriamine to make sensor 73.>%
Fe*" binding to the diethylenetriamine linker converts the
nonfluorescent spirolactam into its fluorescent ring-opened
form (Aex = 510 nm; Aewy = 575 nm). In aqueous solution,
73 responds selectively to Fe**, though its affinity for Fe**
is weak (Kq = 316 uM). A similar design has been reported
on a single rthodamine scaffold (FDI, 74).3'0

Finally, a turn-on probe for Fe?* has been developed based
on the ability of this ion to reduce the organic radical
TEMPO in aqueous solution (Chart 10).>'" Attachment of
TEMPO to pyrene produces weakly fluorescent spin fluo-
rescent probe 75 (Aex = 358 nm, Aery = 430 nm). Addition
of Fe** under acidic aqueous conditions triggers an increase
in fluorescence, presumably due to loss of the TEMPO
radical according to EPR measurements. This reaction is
selective for Fe*" over other metal ions including Fe** but
can proceed with other radicals, which will limit its utility
in biological settings.

3.3.3.3. MR Methods for Detecting Iron. No smart MRI
probes for specific detection of biological iron have been
reported in the literature, though one trimeric contrast agent
has been described in which three Gd*"-DO3A complexes
are linked via the supramolecular assembly of a tris-
phenanthroline—Fe®" complex.?'? This assembly is not
selective for iron but does provide evidence that iron binding
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can change relaxivity values for Gd-based MRI contrast
agents. As such, current MRI of iron in living systems is
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confined to probing naturally occurring iron stores in the
body, including the brain.*'* Owing to their largely para-
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Chart 10. A Turn-on Fluorescent Probe for Fe2"
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magnetic nature in biological settings, Fe ions themselves
can affect the relaxation rate of interacting water molecules
to an extent observable by MRI. In the brain, approximately
!/5 of nonheme iron is stored in Ft and can be visualized by
MRI by either T; or T, water relaxation, though the latter is
more effective. Some results on intrinsic iron-based MRI
have been reported and compared with histochemical stain-
ing; regions of high iron content visualized by MRI (globus
pallidum, reticular substantia nigra, red nucleus, and dentate
nucleus) corresponded well to the areas of highest staining
using Perls’ method.>'* In addition, MRI studies of diseased
states, such as Parkinson’s disease and Alzheimer’s disease,
have revealed notable differences in iron homeostasis.*' >
For example, MRI studies of AD patients revealed increased
iron content in the basal ganglia,>'®*' and increased iron
content in the substantia nigra was observed using MRI
measurements in PD patients.>?*2 The substantia nigra data
are particularly informative due to the robust signal from
ferritin in this brain region; not only can increased iron
deposition be detected in PD patients, but changes in the
width of the pars compacta of the substantia nigra can be
detected as well.

4. Copper in Neurobiology

4.1. Basic Aspects of Copper in the Brain
4.1.1. Tissue Concentrations and Distributions

Copper is the third-most abundant transition metal in the
body’*’ and in the brain, with average neural copper
concentrations on the order of 0.1 mM.*?® This redox-active
nutrient is distributed unevenly within brain tissue, as copper
levels in the gray matter are 2- to 3-fold higher than those
in the white matter.**® Copper is particularly abundant in
the locus ceruleus (1.3 mM), the neural region responsible
for physiological responses to stress and panic, as well as
the substantia nigra (0.4 mM), the center for dopamine
production in the brain.**® The major oxidation states for
copper ions in biological systems are cuprous Cu™ and cupric
Cu”"; the former is more common in the reducing intracel-
lular environment, and the latter is dominant in the more
oxidizing extracellular environment. Levels of extracellular
Cu" vary, with Cu*" concentrations of 10—25 M in blood
serum,>3° 0.5—2.5 uM in cerebrospinal fluid (CSF),331 and
30 uM in the synaptic cleft.' Intracellular copper levels
within neurons can reach 2 to 3 orders of magnitude higher
concentrations.**?

Like zinc and iron, brain copper is partitioned into tightly
bound and labile pools.*** Owing to its redox activity, copper
is an essential cofactor in numerous enzymes, including
cytochrome ¢ oxidase (CcO), Cu/Zn superoxide dismutase
(SOD1), ceruloplasmin (Cp), and dopamine 3 monooxyge-
nase (DSM), that handle the chemistry of oxygen or its
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metabolites. Labile brain copper stores have been identified
in the soma of cortical pyramidal and cerebellar granular
neurons, as well as in neuropil within the cerebral cortex,
hippocampus, red nucleus, cerebellum, and spinal cord.***
Additional pools of exchangeable copper are located in
synaptic terminal membranes of afferent neurons throughout
the brain, including the locus ceruleus.>® Pools of labile
copper in low micromolar concentrations may also exist in
the extracellular environment as demonstrated by depolar-
ization experiments (vide infra).*****" The widespread
distribution and mobility of copper required for normal brain
function, along with the numerous connections between
copper misregulation and a variety of neurodegenerative
diseases, have prompted interest in studying its roles in
neurophysiology and neuropathology.

4.1.2. Brain Copper Homeostasis

Because of its central importance to neurological health
and its propensity to trigger aberrant redox chemistry and
oxidative stress when unregulated, the brain maintains strict
control over its copper levels and distributions.***#3%34° An
overview of homeostatic copper pathways in the brain is
summarized in Figure 7. Many of the fundamental concepts
for neuronal copper homeostasis are derived from rigorous
studies of simple model bacterial or yeast microbes, but the
brain provides a more complex system with its own unique
and largely unexplored inorganic physiology. For example,
work by O’Halloran and co-workers indicates that there is
little “free” copper in the cytoplasm of bacteria and yeast,
which is due to the tight regulation of metallochaperones.*!
However, many open questions remain concerning the
homeostasis of organelle copper stores, particularly in higher
organisms with specialized tissues. In this context, Winge
and co-workers have presented data that suggests that even
yeast possess stores of labile copper in their mitochondria.>*?

Uptake of copper by the blood—brain barrier (BBB) is
not well understood but is proposed to occur through the
P-type ATPase ATP7A, which can pump copper into the
brain. Mutations in this specific gene lead to Menkes disease,
an inherited neurodegenerative disorder that is characterized
by global brain copper deficiency. This phenotype is mirrored
by Wilson disease, which involves mutations in the related
ATP7B gene responsible for excretion of excess copper from
the liver into the bile.*** Loss of ATP7B function leads to
abnormal buildup of copper in the liver. The extracellular
trafficking of brain copper is also different from that in the
rest of the body. Cerebrospinal fluid (CSF), the extracellular
medium of the brain and central nervous system, possesses
a distinct copper homeostasis from blood plasma, which
carries copper to organs throughout the rest of the body.
Ceruloplasmin (Cp), a multicopper oxidase that is essential
in iron metabolism,*** is the major carrier of Cu®" in plasma,
but houses less than 1% of copper in extracellular CSF.**
The primary protein or small-molecule ligands for copper
in CSF remain unidentified.

Uptake of copper into brain cells requires reduction of
Cu®" to Cu™. Ferric reductases Frelp and Fre2p fulfill this
role in yeast,**>~*® but brain analogs have yet to be identified
in humans and other higher eukaryotic organisms. Following
reduction, Cu™ ions can be transported into cells through a
variety of protein-based pathways. For example, a major class
of proteins involved in cellular copper uptake is the copper
transport protein (Ctr) family. Human copper transporter-1
(hCtrl) is a representative member that is expressed ubiq-
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Figure 7. A schematic model of neuronal copper homeostasis. List of abbreviations: APP, amyloid precursor protein; Atox1, copper
chaperone for ATP7A/B; ATP7A, Menkes P-type ATPase; CcO cytochrome ¢ oxidase; CCS, copper chaperone for superoxide dismutase;
Cox11, cytochrome ¢ oxidase assembly protein; Cox17, copper chaperone for cytochrome ¢ oxidase; hCtrl, human copper transporter-1;
MTS3, metallothionein-3; PrP®, prion protein cellular form; Scol, cytochrome oxidase deficient homologue 1; SOD1, Cu/Zn superoxide

dismutase.

uitously in all tissues.**’** The energy-independent uptake
of Cu™ uptake by hCtrl is induced by high concentrations
of H* or K™ or both in the extracellular milieu and is time-
dependent and saturable.*?” This transport protein resides in
the intracellular space until copper deficiency induces its
movement to the plasma membrane. In situations of high
cellular copper content, hCtrl is endocytosed and subse-
quently degraded.**”*%33! Two methionine-rich recognition
motifs (Mets motifs) are implicated in this endocytotic
response: (i) an extracellular domain (**MMMMPM™*) that
responds to low concentrations of copper for copper-
stimulated endocytosis and (ii) a transmembrane domain
("*MXXXM'*) that is required for all hCtrl endocytosis.>*®
In addition to hCtrl and its congeners, prion protein (PrP)
and amyloid precursor protein (APP) are two other abundant
copper-binding proteins found specifically at brain cell
surfaces implicated in copper uptake/efflux.>>>>° The
existence of these additional copper-handling proteins on
brain cell surfaces implies a distinct homeostasis for copper
at the plasma membrane of neurons compared with other
cell types.

Upon its entry into brain cells, Cu™ can be funneled to its
ultimate intracellular destinations through the use of copper
chaperone proteins or buffering by metallothioneins (MTs).
Metallothioneins, in addition to aiding in cellular zinc
homeostasis, can also bind Cu™ and participate in the
homeostasis of this metal ion. Although the molecular
interactions between Cu™ ions and brain-abundant metal-
lothioneins such as MT1 (ubiquitously expressed) and MT3
(expressed in the brain) remain insufficiently understood, a
recent structure of yeast MT shows eight bound Cu™ ions
in two thiolate clusters with an additional two cysteine
residues not involved in copper binding that may mediate
the exchange of Cu™ between MT and copper chaperones.*®°
In addition to MT, glutathione provides another abundant
source of thiols within the cytosol for potential copper and/
or redox buffering purposes.

The three most well-understood copper-specific metal-
lochaperones in humans are Atox1 (or HAH1), CCS, and

Cox17. These metallochaperones function not only as
intracellular copper delivery agents but also as additional
protective agents against toxicity resulting from unbound and
unregulated copper ions. Atox1/HAHI is the first reported
human copper chaperone and loads Cu™ into the Menkes
and Wilson P-type ATPases, ATP7A and ATP7B, which are
essential for the secretory pathway from the trans-Golgi
network (TGN) to the plasma membrane. Its yeast analog,
Atx1, was first identified as an antioxidant protein®®' but was
later shown to be a copper chaperone for Ccc2, the yeast
equivalent of ATP7A/B.*** The human homologue Atox1
is a key comg)onent in the proper functioning of ATP7A%%
and ATP7B,*** and both Atox1 and ATP7A/B contain MT/
HCXXC sequence motifs that are proposed to be crucial for
the interchange of copper between the two proteins. The
X-ray crystal structure of the Cu™ complex of Atox1 reveals
a three-coordinate Cu™ center bound by two Atox1 proteins
via cysteine residues within these MT/HCXXC cassettes,>®
with an extended hydrogen-bonding network stabilizing the
metal binding site.**® The combination of available structural
and biochemical data suggests a docking model that involves
Cu™ transfer through two- and three-coordinate Cu™ inter-
mediates.

The copper chaperone for superoxide dismutase, CCS,
inserts Cu” into SOD1.3%7 SOD1 exists as a homodimer,
and examination of the amino acid sequences of SOD1 and
CCS reveals a high degree of sequence homology. CCS
domain II is 47% identical to SOD1 and includes the amino
acids found along the SOD1 dimer interface, as well as the
majority of the amino acids used for metal binding in
SOD1.7°® The crystal structure of the yeast SOD1—yeast
CCS heterodimer complex shows a heterodimer interface that
is strikingly similar to the interface between the homodimers
of its individual components. However, other data suggests
that this interface alone is not sufficient for efficient transfer
of Cu™ between CCS and SODI. For example, domain I
contains the MXCXXC copper binding domain also found
in the chaperone Atox1; however, deletion of this domain
only slightly diminishes SODI1 activity, indicating that
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domain I may only be essential in situations of copper
starvation. On the other hand, domain III is highly conserved
in many CCS homologues and may play a more direct role
in copper transfer to SOD1. This domain possesses a CXC
motif that can insert Cu™ into SOD1 via potential interactions
with domain I prior to metal ion relocation.*®”

A third copper chaperone found in humans is Cox17,
which is one of the major proteins involved in delivering
Cu™ to cytochrome ¢ oxidase (CcO) in mitochondria.*””
Because CcO is a complex, membrane-bound protein ma-
chine containing 13 subunits and numerous metal-dependent
cofactors including copper, zinc, magnesium, and heme iron,
a myriad of protein partners are required for its proper
assembly, folding, and metal loading.‘w"373 Cox17 shuttles
between the cytoplasm and mitochondrial membrane space,
where it can deliver Cu™ to various CcO assembly proteins.
This metallochaperone works in concert with Scol and Sco2
to load Cu™ into the Cu, electron transfer site of CcQ,7!374
and additional data suggests that Cox17 works with Cox11
to insert Cu™ into the Cug site where catalytic O, reduction
occurs.’’? Recent work establishes that Cox17 is capable of
transferring Cu™ to both Scol and Cox11, making this
protein the first copper chaperone that can deliver Cu™ into
two different partners.’’> Cox17 contains three essential
cysteine residues and can bind up to four Cu" ions in a
polycuprous—thiolate cluster,’® but the precise molecular
interactions between Cox17 and these other assembly
proteins have not been structurally characterized.

The secretion of copper from brain cells is governed by
ATP7A and ATP7B, which shuttle from the trans-Golgi
network (TGN) to the plasma membrane. These two proteins
have 67% sequence homology and differ mainly in their
tissue distribution and expression; ATP7A is expressed
ubiquitously in all tissues whereas ATP7B is expressed
predominantly in the liver with some expression in isolated
regions of the brain.**” These proteins can play multiple roles
in neurons from the delivery of copper to cuproenzymes
involved in neurotransmitter synthesis and metabolism to the
removal of excess copper via secretion or intracellular
sequestration.>”” Both ATP7A and ATP7B contain N-
terminal metal binding MXCXXC motifs that can coordinate
up to six Cu™ ions with micromolar affinity”’®"® with an
additional phosphatase domain and motifs for ATP binding,
phosphorylation, and internalization. The growing list of
functions of these ATPases in the brain and central nervous
system and throughout the body remains an exciting and open
frontier.*®® For example, studies of the cerebellum reveal
that expression of ATP7A and ATP7B is cell specific in this
region of the brain, with ATP7A expressed exclusively in
Bergmann glia and ATP7B confined solely to Purkinje
neurons, where the latter delivers Cu™ to ceruloplasmin. In
addition to ATP7A/B, APP and PrP are two other abundant
neuronal proteins that may play a role in copper regulation
at the plasma membrane in copper efflux capacities.

4.2. Physiological and Pathological Functions of
Brain Copper

4.2.1. Copper Neurophysiology

Copper is a redox-active nutrient that is needed at
unusually high bodily levels for normal brain function.
Owing to the large oxygen capacity and oxidative metabolism
of brain tissue, neurons and glia alike require copper for the
basic respiratory and antioxidant enzymes cytochrome c
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oxidase (CcO) and Cu/Zn superoxide dismutase (SOD1),
respectively. In addition, copper is a necessary cofactor for
many brain-specific enzymes that control the homeostasis
of neurotransmitters, neuropeptides, and dietary amines.
Included are dopamine 3 monooxygenase (DSM), pepti-
dylglycine a-hydroxylating monooxygenase (PHM), tyrosi-
nase, and various copper amine oxidases.

Not only is brain copper required as a tightly bound
cofactor for various enzymes and proteins, but labile and
mobile stores of this redox-active element are also connected
to basic brain function, particularly during neural activity.
Early studies using isolated hypothalamus tissue®*® or
synaptosomes>>’ and radioactive copper isotopes provided
evidence for release of copper ions at micromolar levels into
the extracellular medium upon depolarization. A fluorescence
assay in synaptosomes corroborated these findings,*®' and
recent work by Dunn and Gitlin has linked the intracellular
source of this released copper to the Menkes ATPase ATP7A
via activation of NMDA receptors.***% Another protein
implicated in copper trafficking during neurotransmission is
the prion protein (PrP¢), which is localized to synaptic
membranes of presynaptic neurons.”>’*>® Within the brains
of higher mammals, PrP¢ contains at least four octapeptide
repeat domains in its N-terminal region that can bind
Cu?* 331384388 By sosure of cells to millimolar concentra-
tions of Cu?* induces endocytosis of PrP,**%% an event
that does not occur upon mutation of the copper binding
region.*® Because PrP° knockout mice do not display major
differences in total copper content or cuproenzyme activity
compared with wild-type mice, PrP° is probably not the
primary source of copper in neurons.**'**? However, this
neuron-abundant protein may act as a buffer for copper in
the synaptic cleft, maintaining presynaptic copper concentra-
tions while preventing Cu”*-related toxicity in the extracel-
lular space.®>® Once released from neurons, copper is
proposed to affect a variety of functions. Experiments
regarding the purpose of this excreted copper pool have not
yet employed endogenous copper stores, but several studies
have focused on the effects of exogenously applied copper.
For example, applications of micromolar concentrations of
Cu®" to neurons trigger antagonistic effects on NMDA,
GABA, and sometimes glycine receptors®”® and suppress
long-term potentiation.*****> Exogenous copper ions have
also been shown to influence the function of rectifier-type
K™ channels and voltage-gated Ca®* channels*® as well as
TREK-1 K™ channels.”’ The foregoing results connecting
copper trafficking to neurotransmission are engaging, but
much work remains to be done to fully elucidate the
molecular roles of labile copper and its contributions to basic
aspects of signaling within and between brain cells. In
particular, new ways to study endogenous copper pools and
their effects on neurons in resting or excited states will have
an impact on this field.

4.2.2. Copper Neuropathology

Disruption of copper homeostasis is implicated in a
number of neurodegenerative diseases, including Alzheimer’s
disease (AD), Prion diseases, Parkinson’s disease (PD),
familial amyotrophic lateral sclerosis (fALS), Menkes dis-
ease, and Wilson disease. 21327398402 1y 411 these disorders,
the deleterious effects of copper stem from its dual abilities
to bind ligands and trigger uncontrolled oxidation—
reduction chemistry. An excellent comprehensive review has
been published recently that details the roles of copper in
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neurodegenerative diseases with a focus on the nature of the
copper—protein interactions.**’

The connection between copper and AD pathology is due
mainly to its molecular reactions with APP and its 3-amyloid
cleavage product (Af) that result in imbalance of extracel-
lular and intracellular brain copper pools. The function of
APP in the brain has not been fully elucidated but is plausibly
linked to copper homeostasis.*>>> However, aberrant
binding of Cu>* to APP triggers its reduction to Cu™ with
concomitant disulfide bond formation;***~%% this misregu-
lated metalloprotein intermediate can then participate in
harmful Fenton-type chemistry.**® For example, the reaction
between the APP—Cu™ complex and H,O, causes oxidation
to Cu®>" and APP fragmentation,*”” leading to a cycle of
oxidative stress and aggregation of Af3 peptides that results
in the ultimate formation of amyloid plaques in the extra-
cellular cerebrospinal fluid.****% Extracellular amyloid
deposits from the brains of AD patients are rich in Cu in
addition to Zn and Fe,"'® and Raman studies of senile plaques
reveal Cu®" centers bound by histidine donors*'® that can
result from direct cascade reactions between Cu®" and A
peptides.*'" Moreover, administration of Zn/Cu chelators
such as clioquinol can redistribute brain metal pools and
reverse amyloid aggregation.*'* Finally, addition of Cu®"
to cell cultures alters APP processing, resulting in increased
levels of intracellular and secreted forms of APP and
decreased levels of AB.*"?

Prion diseases also have links to brain copper misregu-
lation,**”*9%492 where opposing Cu** and Mn** levels and
availabilities may influence the conversion of the protease-
sensitive PrP€ into the toxic, protease-resistant form, PrP-
Sc 414 prpC can bind between four and seven Cu”* ions*'"”
at various binding sites, including the octapeptide repeat
regions that have micromolar affinity for Cu?* 328:386:416-420
In one proposal for prion toxicity, PrP is involved in copper
homeostasis and binding of Mn*" to the protein facilitates
its conversion to toxic PrP®¢; the resulting excess free copper
further exacerbates the disease by promoting oxidative stress.
In the presence of copper, PrPC also possesses SOD-like
activity,>*"*?1723 though the consequences of this redox
chemistry in vivo remain under debate.*'****?* Finally,
Cu®" can retard degradation of the toxic PrP*° in low ionic
strength buffers as well as control the conformation of the
protease-resistant fragment of PrP*¢, namely, PrP27—30.%*°
Thus, abnormalities in the PrP¢ protein are linked to
disruption of copper homeostasis, and copper can also affect
the degradation pathways of prion proteins.

Onset of Parkinson’s disease is accompanied by death of
dopaminergic neurons and intracellular accumulation of
Lewy bodies, which are protein aggregates of the brain
protein a-synuclein.?**?’® In its unmodified form, a-sy-
nuclein exists as an unfolded protein, **” but factors including
oxidative stress?’%***3% and presence of various metal
cations*'™*** promote its fibrillation. In particular, Cu**
effectively promotes the self-oligomerization of a-synuclein
through the acidic C-terminal region of the protein****** and
its oxidation and aggregation in the presence of H,0,.*!
Structural details of the Cu®" —a-synuclein interaction have
been reported recently and identify two main copper binding
sites in the protein.**>**® One site is comprised of the
carboxylate-rich C-terminus of the protein and has a micro-
molar affinity for copper. The other site binds copper with
nanomolar affinity; initial reports suggested that both the
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N-terminus and His50 were necessary in Cu®* binding,**
but more recent work refutes the involvement of His50 as a
ligand.**¢

Familial amyotrophic lateral sclerosis (fALS) is an inher-
ited neurodegenerative disorder stemming from mutations
in the copper-dependent metalloprotein Cu/Zn SOD1.**’
Three main hypotheses exist regarding the molecular mech-
anism(s) of deterioration in this disease: (i) the loss-of-
function mechanism, which results in toxic accumulation of
superoxide by lack of SODI1 protection, (ii) the gain-of-
function mechanism, in which SODI1 exhibits enhanced
peroxidase activity by aberrant redox chemistry, and (iii) the
aggregation mechanism, where SOD1 aggregates are formed
by increased or decreased availability of copper for binding.
The roles of copper homeostasis in this disease remain
ambiguous because modifications of the metal-binding
domains in the enzyme active site can lead to activity
associated with the loss- or gain-of-function mechanisms**%4*?
and mice expressing SOD1 mutants unable to bind copper
ions still exhibit symptoms of ALS.**

Finally, Menkes and Wilson diseases are diseases in which
the failure of p-type ATPases ATP7A (Menkes) and ATP7B
(Wilson) results in disrupted copper homeostasis. Menkes
patients with various ATP7A mutations are unable to
transport copper across the gastrointestinal tract, placenta,
and blood—brain barrier,?**~? resulting in systemic brain
copper deficiency and reduced activity of COPper—containing
enzymes such as DM, SODI1, and CcO. =43 1y Wilson
disease, malfunctions of ATP7B activity result in the
hyperaccumulation of copper in the liver and the brain.**®
In both Menkes and Wilson disease patients, the abnormal
levels and distributions of brain copper are thought to
contribute to detrimental neurological effects.

4.3. Molecular Imaging of Brain Copper
4.3.1. Overview of Traditional Copper Detection Methods

The broad participation of copper in both neurophysi-
ological and neuropathological events has prompted demand
for ways to trace this metal in biological systems. In this
regard, both major oxidation states of copper, the 4s*3d"'®
cuprous oxidation state (Cu™) and the 4s?3d” cupric oxidation
state (Cu”"), are important for rigorous considerations of
its chemistry in natural settings. Radioactive copper isotopes
such as ®’Cu*® and atomic absorption spectroscopy™’ have
proven to be useful for studying many aspects of copper
biology but lack spatial resolution and cannot differentiate
between Cu’ and Cu®**. The existence of two high abun-
dance naturally occurring isotopes of copper, “*Cu (69.17%)
and %Cu (30.83%), has also been exploited to study copper
in specific organs by analyzing the ®*Cu/®°Cu ratio using
inductively coupled plasma mass spectrometry (ICP/MS) or
thermal-ionization mass spectrometry (TIMS).*****7 These
methods are quite useful for studying complex organisms
but again lack subcellular resolution and cannot distinguish
between different oxidation states of copper. Finally, a
myriad of histochemical indicators have been developed to
stain for copper, including hemotoxylin,***** rubeanic acid
(dithiooxamide),*"*>* rhodanine and diphenylcarbazide,***4>?
diethyldithiocarbamate,* dithizone,*>* Timm’s staining,*>>**®
orcein,¥’*% and bathocuproine disulfonate (BCS).*° A
modified Timm’s method using trichloroacetic acid can
isolate Cu®" pools with some fidelity,*®® whereas BCS is a
dual colorimetric and fluorescence quenching indicator for
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Cu™ and Cu®".*%%! The main disadvantages of these
histochemical stains are that they cannot image copper in
living samples and are limited in terms of metal and redox
specificity.

4.3.2. Criteria for Molecular Imaging of Copper in Living
Systems

Similar criteria exist for fluorescence and MR-based probes
for detecting copper in living systems as for other metals.
First and foremost is selectivity in terms of both the metal
itself (Cu) and relevant oxidation states (Cut or Cu®").
Fluorescence detection of Cu®" by a turn-on response is
particularly difficult due to its paramagnetic nature, as
unpaired electrons in close proximity to fluorescent dyes tend
to quench emission. Thus, as is the case for iron, the selection
of optical fluorescence and MR probes that have been utilized
successfully for tracking copper in biological samples
remains limited. Features of Cu™/Cu”" probes are presented
in Table 3.

4.3.3. Survey of Fluorescent and MRI Copper Sensors

4.3.3.1. Turn-on Fluorescent Cu™ Sensors with Revers-
ible Binding. Because of the ability for Cu™ to serve as an
efficient fluorescence quencher by electron or energy transfer
and its propensity to disproportionate in water to Cu** and
Cu metal, Cu™ fluorescent sensors with the capacity to sense
this ion in aqueous solution with a turn-on response remain
rare (Chart 11). CTAP-1 (76) was the first such probe and
combines a triarylpyrazoline fluorophore with a tetrathiaaza
crown for Cu™ binding.*®? Upon UV excitation at 365 nm,
the probe shows a 4.6-fold fluorescence increase in emission
at 480 nm with 1 equiv of added Cut (D 4po = 0.03; D youna
=0.14). CTAP-1 binds Cu™ tightly (K4 = 40 pM) with high
selectivity over other metal ions and has been used to detect
exogenous labile Cu™ pools in NIH 3T3 fibroblasts. A study
using CTAP-1 along with microXRF (micro X-ray fluores-
cence) indicates the presence of labile Cu™ pools localized
to the Golgi and mitochondrial organelles within this cell
type (Figure 8).

Our laboratory has developed Coppersensor-1 (CS1, 77),
a BODIPY-based indicator for Cu™.****** The compound
possesses excitation and emission wavelengths in the visible
region (4 x = 540 nm; A ., = 566 nm) and exhibits a 10-
fold response to Cutin aqueous media (Pypo = 0.016; Ppoyna
= 0.13) with high selectivity over competing metal ions at
cellular concentrations, including Cu®". This probe is
membrane-permeable and can be used to sense both increases
and decreases in the levels and distributions of labile cellular
Cu™; for example, live HEK 293 cells or neurons from
primary culture incubated with CS1 showed a marked
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fluorescence increase upon introduction of exogenous Cu™
(Figure 9); the observed fluorescence enhancements are
readily reversed by addition of a cell-permeable copper ion
chelator.

4.3.3.2. Fluorescent Chemodosimeters for Detecting
Cu™ by an Irreversible Response. The Cu™*-catalyzed 1,3-
dipolar cycloaddition of a terminal alkyne to an azide to form
a triazole is the archetypical example of a “click” reaction
as popularized by Sharpless*®>~%” and has been utilized to
develop two types of fluorescent chemodosimeters for Cu™
(Chart 12). Fahrni and co-workers first reported a virtually
nonfluorescent alkynyl coumarin derivative (Aex = 325 nm;
A em = 388 nm; ® = 0.014) that is converted to its
fluorescent triazole congener (4 x = 328 nm; A4 ¢, = 415
nm; ® = 0.25) upon reaction with 4-azidomethylbenzoic
acid in the presence of Cu™ in aqueous buffer (78).4°® A
Eu’" complex (Eu-79) has also been reported for the
luminescent detection of Cu™ using click chemistry.*®® This
detection system consists of a Eu>" DO3A propynylamide
complex and a dansyl azide that can be coupled using the
glutathione complex of Cu® in water. The resulting
dansyl—triazole Eu®* chelate possesses a 10-fold higher
luminescence than its starting alkyne complex due to the
antenna effect (1 o« = 350 nm; A ., = 615 nm). Neither of
these probes has been utilized to detect Cu™ in biological
systems. A potential barrier for their use in complex
biological environments is that detection requires the interac-
tion of three different entities at appropriate concentrations
for the reaction to proceed.

4.3.3.3. Turn-on and Ratiometric Fluorescent Sensors
for Detecting Cu®"with Reversible Binding. The develop-
ment of fluorescent Cu?* sensors that operate by a turn-on
or ratiometric response is challenging because coordination
of Cu®" to an ionophore—fluorophore pair often results in
fluorescence quenching by interference from intervening
charge transfer states. Accordingly, the vast majority of
fluorogenic reagents that have sensitivity and selectivity for
Cu”" report this ion by a turn-off response,*’®*”> which is
of limited utility for visualization of biological copper pools
with spatial resolution.

Turn-on and ratiometric sensors for Cu®* have been
developed, but most only work well in organic solution or
mixed aqueous—organic solution, and none have been
applied to biological imaging (Chart 13). One example is
the BODIPY derivative 80 that contains an azathiacrown
metal binding group that turns on with Cu**, Hg?*, and
Ag™.*7® This molecule displays a sizable (2500-fold) fluo-
rescence increase in response to Cu®" in acetonitrile solution
(P 4po = 0.0001; @ pouna = 0.25) with visible excitation and
emission (Aex = 501 nm; A ., = 513 nm), but loses its
response to Cu”" in 3:1 CH;CN/H,O solution compared with
Hg?" and Ag™. The rhodamine-based probe 81 reports Cu**
chelation by influencing the equilibrium between the closed,
nonfluorescent spirolactam form and open, fluorescent acid
form of rhodamine.>*® Upon Cu®" binding, the ring-opened
form of rhodamine is preferred, and fluorescence is turned
on by 9.4-fold (A & = 520 nm; A o= 585 nm). This sensor
has a moderate affinity for Cu** (K; = 14 uM) with good
selectivity over other biologically relevant metal ions. Finally,
naphthalimide derivatives have been utilized for ratiometric
sensing of Cu®" in mixed alcohol—water solution. Their
ratiometric responses to Cu?' are attributed to an ICT
mechanism in which metal binding tunes the electronic
properties of the fluorophore. The platform containing two
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Figure 8. Fluorescence images showing the intracellular staining pattern of NIH 3T3 cells incubated with 10 uM CTAP-1 (76) for 50 min.
Immunofluorescence colocalization of the CTAP-1 staining pattern (left) with two cellular marker antibodies (center) [(top) anti-GS28 to
visualize the Golgi apparatus; (bottom) anti-OxPhos complex V to visualize mitochondria] and (right) false color overlay (CTAP-1, green;
antibody, red; areas of colocalization appear in orange/yellow). Reprinted with permission from ref 462. Copyright 2005 National Academy

of Sciences, U.S.A.

Figure 9. Fluorescence images of live rat hippocampal neurons
incubated with 10 uM CS1 (77) for 15 min at 37 °C (left) and live
rat hippocampal neurons incubated with 150 4uM CuCl, for 18 h at
37 °C and then stained with 10 uM CS1 at 37 °C for 15 min to
visualize exogenous copper uptake (right).

amide and two pyridyl donors (82) exhibits a blue shift upon
Cu”" binding,*”” whereas a second naphthalimide sensor
containing two amide and two aniline donors (83) displays
a red shift in fluorescence with Cu?* coordination.*”®

4.3.3.4. Fluorescent Chemodosimeters for Detecting
Cu”* by an Irreversible Response. As a means of avoiding
fluorophore quenching by direct binding of paramagnetic
Cu’", researchers have explored an alternative approach to
turn-on Cu®" detection in which Cu®" is used as a catalyst
to promote the hydrolysis of specific bonds to yield a
fluorescent product (Chart 14). Some of these probes can
operate in water but have not been utilized successfully for
imaging biological copper. The resulting chemodosimeters
respond irreversibly to the targeted analyte, and thus their
response is representative of a cumulative exposure to
analyte. In an early example of this strategy, Czarnik
elegantly exploited the known Cu”*-catalyzed hydrolysis of
a-amino acid esters*’*~**! to develop the new Cu®" chemo-
dosimeter, Rhodamine B hydrazide (84). Appending this
hydrazide mask favors the nonfluorescent spirolactam form
of rhodamine, which can be converted to its fluorescent acid
form by Cu”* catalysis.*®* Reaction of 84 with Cu”" in 20%
acetonitrile/water solution proceeds rapidly (<1 min) at even

low concentrations of Cu?* (10 nM). This chemodosimeter
is highly selective for Cu?* over a range of competing metal
ions. A fluorescein analog of this molecule (85) has also been
reported and can respond to Cu”** in 100% aqueous solu-
tion.*®® Finally, a bis(picolinate) ester of fluorescein (86) can
furnish the parent dye upon Cu?*-induced ester cleavage.*®*

4.3.3.5. Copper Sensing by MRI. Currently, only one
MR-based sensor for specific detection of copper has been
reported in the literature.**> Copper Gad-1 (CG1, Gd-87) is
a Gd-based smart MRI contrast agent that combines a DO3A
core for Gd** binding and a PIDA moiety for Cu®" chelation
(Chart 15). In the absence of Cu", water access to CG1 is
limited by the PIDA cap, leading to a reduced proton
relaxivity. Binding of Cu®" to the PIDA receptor relieves
steric congestion at the Gd>" center, resulting in increased
water access and higher proton relaxivity. CG1 exhibits an
increase in relaxivity in response to Cu®* (R, = 3.76 mM
s 'to R, =5.29 mM ' s~ ') with high selectivity over other
biologically relevant metal ions, including Ca*" and Zn**,
in either N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (HEPES) or phosphate-buffered saline (PBS) aqueous
solution within physiological ranges (pH 6.8—7.4). Lumi-
nescence lifetime measurements on the Tb*>" analog of CG1
indicate an increase in the number of bound water molecules
(g) at the lanthanide center after addition of Cu®*". CGl
responds reversibly to Cu®>" with moderate affinity (K; =
167 uM). This compound provides a starting point for the
development of functional probes for visualizing biological
copper pools by MRI.

5. Conclusions and Future Prospects

Transition metals such as zinc, iron, and copper are
emerging as major contributors to the complex chemistry
and biology of the brain in stages of health, aging, and
disease. Because of the unique physiology, specialization,
and complexity of brain tissue, these metal nutrients are
required at unusually high levels compared with the rest of
the body. Redox-active iron and copper are particularly
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Chart 12. Irreversible Turn-on Fluorescent Chemodosimeters for Cu™
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important owing to the large oxygen consumption and
oxidative capacity of brain cell neurons and glia. Tightly
bound forms of these metals are found as cofactors in
essential metalloenzymes throughout the brain and central
nervous system, and labile metal ion pools are present in all
brain cells; in the cases of zinc and copper, these labile stores
may play critical roles in signaling within and between cells
during neurotransmission and general membrane depolar-
ization. On the other hand, metals accumulate in the brain
as a function of aging, and misregulation of brain metal ion
pools is linked with several neurodegenerative diseases,
including Alzheimer’s and Parkinson’s diseases, where
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oxidative stress and damage as well as protein misfolding
and aggregation are a hallmark of their pathology.
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Questions regarding the far-ranging neurophysiological and
neuropathological functions of these metal ions have and will
continue to motivate the development of new chemical tools,
including optical fluorescence and magnetic resonance imag-
ing (MRI) probes, for the purpose of studying metal ions
such as Zn*", Fe?t/ 3+, and Cu™?" in the brain and other
dynamic biological systems. The most well-elaborated types
of such reagents are fluorescent sensors for 7Zn>", which have
found utility in a variety of biological settings and are worthy
of further pursuit and optimization. By comparison, the
development of fluorescent sensors for redox-active Fe**”** and
Cu*" ions is in its nascent stages; for example, turn-on
probes for Cu™ have been applied successfully in cells and
show promise for further physiological and pathological
studies, but Cu®" fluorescence detection in live biological
settings has not been achieved as of yet. Smart MRI contrast
agents that are responsive to specific metal ions of interest
also occupy an open field for further investigation, as well
as other imaging modalities such as PET, single photon
emission computerized tomography (SPECT), and ultra-
sound. In addition, there are numerous other transition and
heavy metals for which studies of their complex neurophysi-
ologies and neuropathologies could benefit from the develop-
ment of new molecular imaging probes for their detection,
including both essential metals (e.g., Cr, Mn, Co, Ni, Mo)
and toxic metals (e.g., Cd, Hg, Pb). In this regard, some
progress in the detection of heavy metal ions such as Cd**,
Hg?", and Pb>" in live cells and tissues has appeared in the
recent literature.**~** The rich and open field of metals in
neurobiology, which has largely been confined to studies of
the s-block alkali and alkaline earth metals, is now rapidly
expanding to include many of the d- and p-block metals in
the periodic table. This emerging frontier at the interface of
inorganic chemistry and biology will continue to prosper
from the combined talents of scientists that can tackle
Nature’s most complex and beautiful biological system from
a molecular perspective.
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