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ABSTRACT: Free, ionic zinc (Zn>*) modulates neurotransmitter
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dynamics in the brain. However, the sub-s effects of transient H,0 hv B

. 2+ . o. 0.2, OH b |
concentration changes of Zn*" on neurotransmitter release and N o s
uptake are not well understood. To address this lack of knowledge, OZNOji/N/ 1 = ‘ 3 +3nA
we have combined the photolysis of the novel caged Zn®* KA \ $3.0 nA
compound [Zn(DPAdeCageOMe)]* with fast scan cyclic voltam- | /\ )
metry (FSCV) at carbon fiber microelectrodes in live, whole brain M 0.4V [N 13V
preparations from zebrafish (Danio rerio). After treating the brain - > o ors A1.5nA
with [Zn(DPAdeCageOMe)]*, Zn>* was released by application of S e Z - |~
. N , =< 0.10 9
light that was gated through a computer-controlled shutter N £ 005! | >
synchronized with the FSCV measurements and delivered through & g 0.00-
a 1 mm fiber optic cable. We systematically optimized the ~-0.05 jl.?me (2:; %

photocage concentration and light application parameters, including

the total duration and light-to-electrical stimulation delay time. While sub-s Zn** application with this method inhibited DA
reuptake, assessed by the first-order rate constant (k) and half-life (t,/,), it had no effect on the electrically stimulated DA overflow
([DA]grim)- Increasing the photocage concentration and light duration progressively inhibited uptake, with maximal effects
occurring at 100 #M and 800 ms, respectively. Furthermore, uptake was inhibited 200 ms after Zn** photorelease, but no measurable
effect occurred after 800 ms. We expect that application of this method to the zebrafish whole brain and other preparations will help
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expand the current knowledge of how Zn*" affects neurotransmitter release/uptake in select neurological disease states.
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B INTRODUCTION

Zinc is a biogenic transition metal that exists intracellularly and
extracellularly in both unbound and bound forms."” It is the
second most abundant transition metal in the body,” with the
brain containing the greatest overall concentration.” The
landmark discovery four decades ago that mossy fiber axons in
the hippocampus release and take up free, cationic zinc (Zn*")
has spawned a new avenue of research focused on understandin%
how biogenic transition metals influence neuronal function.”~
This mobile pool of Zn**, along with other transition metals, is
now known to affect how neurons communicate, form
memories, and process sensory inputs.8

Zn** is presynaptically released from select populations of
glutamatergic neurons in the hippocampus, amygdala, striatum,
and thalamus,”~"" resulting in transiently increased synaptic
(100—-300 uM) and extracellular (10—20 uM) Zn>* levels."”
Zn** that is released in the striatum diffuses to the densely
innervating dopaminergic terminals.'>'* There, it can modulate
dopamine (DA) levels through several avenues, including
modifying vesicular fusion pore formation'> and directly
inhibiting DA uptake through an allosteric binding site on the
DA transporter (DAT).'® Moreover, released Zn®* alters
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neuronal communication by associating with excitatory
receptors, including AMPA'” and NMDA'® receptors. Zn**
also participates in intracellular signaling pathways; for example,
binding to ryanodine receptors increases cytosolic Ca**
transients from the endoplasmic reticulum.'”

Despite these findings, researchers know surprisingly little
about the specific effects and underlying mechanisms of action
of Zn®>* on DA release and reuptake dynamics because the
analytical methodology has been underdeveloped. This lack of
knowledge is important because in many neurological disorders,
homeostatic Zn** levels may be dysregulated. For example,
emerging evidence obtained from Parkinson’s disease (PD)
model rodents suggests that synaptically released Zn** may
induce behavioral impairment by altering neurotransmission.'*
Moreover, Zn** entry into dopaminergic neurons may render
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them more susceptible to degeneration and dysfunction.'”™*’

Therefore, it is essential to study how Zn?* influences neuronal
function on sub-s time scales, both in health and disease.””*'

One promising approach to this problem is to use photocaged
compounds, which are molecules that, upon exposure to light of
sufficient energy and intensity, undergo a structural change that
releases a bound substrate, thereby activating a molecule or ion
of interest.”” The use of such molecules in biochemistry and
physiology is well known and offers a high degree of temporal,
spatial, and concentration control through light-initiated
reactions.”’ Apart from photocaged small molecules, approaches
that employ photocaged divalent metal ions have provided
important mechanistic information on signal transduction
pathways.M_26 For example, Ca?t photocages have been
successfully used to elucidate Ca*" signaling,”” ion channel
regulation,28 Ca“—dependent vesicle mobilization,” and muscle
contraction™ in both neuronal and non-neuronal cells.*'~**
However, while physiological and pathophysiological roles of
Ca® jons in various cellular signaling pathways are well
established,34_36 the similar roles for Zn>* ions are not well
characterized.

Several photocleavable (i.e., released by application of light)
Zn** compounds with pronounced photophysical properties
and cell permeability have previously been developed.”” These
compounds control the bioavailability of Zn?* until they are
exposed to light of a specific wavelength. A line of caged metals,
including a photocleavable Zn** compound known as
Zincleav,”® incorporate a chelating backbone and have a
quantum yield, defined as moles of molecules that undergo
photorelease divided by the moles of photons that have been
applied, of about 0.055.” Structural refinements have increased
the quantum yield to about 0.313.”” To the best of our
knowledge, caged zinc compounds are not commercially
available. However, commercially available photoactive calcium
chelators have quantum yields ranging from about 0.03 to
0.23.>* In this study, we have incorporated a novel, recently
developed molecule known as DPAdeCageOMe (2-[bis-
(pyridine-2-ylmethyl) amino]-2-(4-methoxy-3-nitrophenyl)
acetic acid) to chelate Zn*" and release it upon light application
(Figure 1A). The uncaging reaction involves decarboxylation of
the cage and a dramatic decrease in its affinity for Zn?*.*’

Fast scan cyclic voltammetry (FSCV) at carbon fiber
microelectrodes is a method of choice for measuring the
release/uptake of DA in living brain tissue.*""*” ESCV provides
sub-s temporal resolution and good selectivity.""~** However,
combining FSCV with perfusion or direct injection of free Zn**
through tissues is not an ideal approach for investigating sub-s
interactions due to the time needed for Zn** concentrations to
reach equilibrium (minutes to hours). We have previously
combined caged compound photolysis with FSCV to quantify
glutamate photoactivation in living brain tissue.”> The
combination of FSCV with newly developed caged metals,
such as caged Zn** compounds, will allow us to directly probe
the effects of free metals on DA release and uptake from
presynaptic terminals on sub-s time scales.

In this work, we measured rapid changes in DA release and
uptake induced by sub-s application of Zn*". To carry out these
measurements, we combined Zn** photorelease from the
recently developed DPAdeCageOMe photocage with FSCV in
viable, whole brains from adult zebrafish ex vivo. Zebrafish are a
valuable research tool because they are easy to alter genetically
and are emerging rapidly as an organism to model neurological
diseases.”*” Our results demonstrate that combining FSCV
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Figure 1. Data were obtained from a typical recording in a zebrafish
brain. The stimulated release plot (middle panel) was obtained by
sampling the potential indicated by the horizontal dashed line on the
color plot (bottom panel). The cyclic voltammogram (top panel) was
obtained by sampling at the time indicated by the vertical dashed line
and confirms the presence of DA. [DA]yax concentration was
determined by the maximum concentration on the stimulated release
plot. The parameters k and t,,,, which are used to compare uptake
between Zn”* treatments, were obtained by modeling the back portion
of the stimulated release plot (purple overlay).

with caged compound photolysis will help unravel the functional
relationships between metals and neurotransmitter release/
uptake in ways previously unattainable.

B RESULTS

Transient Zn?** Application Affects DA Release and
Uptake Differently than Bath Application. Synaptic zinc
directly regulates neurotransmitter signaling; hence, Zn*" itself is
often referred to as a neurotransmitter.”® Transient Zn?*
elevations, occurring by neuronal firing, have been linked with
various pre- and postsynaptic aspects of neuronal regulation.”’
Previous studies suggest that Zn>* binds to sgpeciﬁc sites on
receptors, transporters, and phosphatases.’’ > The specific
mechanisms of actions of Zn** on neurotransmitter regulation
are highly complex and have not yet been fully explored. To help
elucidate these mechanisms, we have applied FSCV to intact,
viable zebrafish brains. We have analyzed data obtained from
each recording to determine the peak dopamine overflow
([DA]yax)- We further analyzed these data by modeling the
curves to determine the first-order rate constant of DA uptake
(k) and the half-life of DA uptake (t;/,). This operation is
illustrated in Figure 1. Shown in Figure 2 are results from a 60
min bath application of Zn** to the zebrafish whole brain. We
note from control measurements that any oxidation or reduction
currents from Zn** did not interfere with the ability to measure
DA release and uptake (Figure S1). The peak current arising
from the DA overflow (Figure 2A) roughly doubled after
addition of 100 M Zn**. Additionally, modeling the back side
of the stimulated release plot revealed a sharp decrease in k and
increase in t,/,. Given previous findings that an allosteric Zn**
binding site is present on human DAT,”>* an inhibition of DA
uptake is expected. However, it is unclear if the enhancement of
the peak current results from an increase in DA release or solely
from inhibition of DA uptake. Additionally, the cellular
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Figure 2. Addition of Zn>* to aCSF significantly affects evoked
dopamine release and uptake. (A) Representative plots of stimulated
dopamine release and uptake before and after Zn** was administered in
aCSF to the same brain with the electrode positioned at a single
location. The vertical dotted lines on the stimulated release plots
indicate the initiation and duration of the electrical stimulus. The
horizontal dashed lines on the respective color plots indicate the
potential at which the current was sampled to obtain the release plots.
The vertical dashed lines indicate the time at which the CVs (top
panels) were sampled to indicate the presence of dopamine. The red
traces represent 0 M Zn** added, and the brown traces represent 100
UM Zn** added. (B) Bar graphs of [DA]yay k, and t, ,. Within group
effects (one-way ANOVA), [DA] 1y p = 0.0088, k, p = 0.0013, t, 5, p =
0.0001, N = 3-S5 fish. Tukey post hoc, *p < 0.0S, **p < 0.01, ¥**p <
0.005 vs 0 yM.

mechanisms responsible for this sharp increase in the dopamine
overflow are not known. Therefore, to assess the effect of Zn**
signaling on uptake more accurately, it is necessary to use an
approach that allows collection of these measurements without
allowing possible changes in release that occur over long time
periods.

To accomplish this goal, we combined the Zn>* photorelease
with FSCV. A description of the photorelease reaction and
experimental setup is provided in Figure 3. This newly
developed approach of applying biologically active metal ions
enables us to capture the effects of transient zinc application on
DA release and clearance in zebrafish whole brains directly. In a
representative recording session, we set up the flow so that a
zebrafish brain was superfused with aCSF having 100 uM
[Zn(DPAdeCageOMe)]*. To photouncage Zn**, we applied a
1000 ms light pulse, ending 500 ms prior to electrical
stimulation. Figure 4A shows representative DA release plots
obtained prior to adding [Zn(DPAeCageOMe)]* (“naive”),
prior to adding [Zn(DPAeCageOMe)]* but after applying light
(“light”), after adding [Zn(DPAeCageOMe)]* (“caged Zn*"”),
and after adding [Zn(DPAeCageOMe)]* and applying light
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Figure 3. Description of photouncaging measurements. (A) Photo-
uncaging reaction of [Zn(DPAdeCageOMe)]*. (B) Micropositioning
of the electrical stimulus electrode, 1 mm optic fiber, and carbon fiber
microelectrode in the telencephalon region of the zebrafish brain (not
to scale). (C) Timeline for the photouncaging events. The total time of
the FSCV data collection was 30 s. In this example, the light pulse was
applied at 1.5 s with 2 s exposure time duration (thght) and the electrical
stimulation was applied S s after the light for a stimulus delay time
(t4e1ay) Of 1.5 s. Note: The values of ty, and e, in panel (C) were
selected for illustrative purposes. The actual experimental values of fj,
and fy,),, were of a smaller magnitude.

(“uncaged”). DA release was not significantly altered by any of
these events (p = 0.5820, main effect, one-way ANOVA, n = 4
brains) (Figure 4B). However, modeling the DA release curves
revealed that DA reuptake was slowed by the photouncaging of
the [Zn(DPAdeCageOMe)]* complex. The pooled data, shown
in Figure 4C,D, further confirm this observation. Analysis with
one-way ANOVA indicated that the DA reuptake rate constant
(k) significantly decreased after photouncaging of the [Zn-
(DPAdeCageOMe)]* complex (p < 0.0001, main effect, n = 4
brains). Furthermore, Dunnett’s multiple comparison test
revealed significant differences between the mean value of k
after photouncaging and naive, light-treated, and caged Zn>*
mean values of k (p = 0.0003, uncaged vs light-treated; p <
0.0001, uncaged vs naive; p =0.0003, uncaged vs caged Zn*;n=
4 brains). The half-life of DA (t,,) followed a similar trend (p =
0.0007, main effect, one-way ANOVA; p = 0.016, uncaged vs
light-treated; p = 0.0035, uncaged vs naive; p = 0.0045, uncaged
vs caged Zn**; Dunnett’s multiple comparison test, n = 4 brains).
Additional control measurements, in which we exposed brains to
light from our system and treated brains with the photouncaging
byproducts 3NPA and DPA (see Figure 4A), revealed no effect
on [DA]yax k, or t;,, (Figures S2 and S3) and no effect was
apparent after washing out the photocaged Zn** for 30 min
(Figure S4). Thus, our results indicate that photorelease of Zn**
immediately (<1 s) impaired DA uptake, while the addition of
the drug without light and the application of light without the
drug had no effect on performance or viability (Figure 4B).
Effect of Caged Compound Concentration on DA
Release and Uptake. Here, we determined how the
[Zn(DPAdeCageOMe)]" concentration affects dopamine
release and uptake. The concentration of [Zn-
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Figure 4. Photouncaged Zn*" decreases DA uptake in live zebrafish brains. (A) Representative color plots, stimulated release plots and cyclic
voltammograms. The stimulus consisted of 15 biphasic pulses, 2 ms duration/pulse, 350 zA, and 60 pulses/s. The stimulus duration is indicated by the
vertical dashed lines. The main effects determined using one-way ANOVA (1 = 4 brains) are (B) released DA concentration (p = 0.5820); (C) DA
reuptake rate constant (k) (p = 0.0001); and (D) half-life of DA uptake (t;/,) (p = 0.0032). **p < 0.01, ***p < 0.001, and ****p < 0.0001, Dunnett’s
multiple comparison test. The values of t,,, and #g, were S00 and 1000 ms, respectively.

(DPAdeCageOMe)]* was changed (50—150 yM) (500 ms)
constantly.

The results, shown in Figure §, indicate that [DA]y did not
change, compared to the naive value, with increasing [Zn-
(DPAdeCageOMe)]* concentration up to 150 uM (p = 0.7331,
main effect, one-way ANOVA). However, k (p = 0.0244, main
effect, one-way ANOVA) and ¢, , (p = 0.0203, main effect, one-
way ANOVA) were sensitive to the [Zn(DPAdeCageOMe)]*
concentration.

Dunnett’s multiple comparison post hoc analysis revealed that
100 and 150 #M concentrations had a significant effect on k (p =
0.0460,100 1M p = 0.0202, 150 4M) and £, , (p = 0.0379, 100
uM; p =0.0273, 150 uM), while SO uM had no significant effect
(p = 0.6884 for k, p = 0.8971 for ¢, ). The likely reason for this
disparity is that photolysis of [Zn(DPAdeCageOMe)]* at a
concentration of 50 uM produces Zn** at insufficient
concentration to exert a measurable effect on DA clearance.
The effect appeared to peak at 100 yM; therefore, we used this
concentration for the other photouncaging measurements.
Without the development of additional analytical methodology,
it is not possible to know precise concentrations of Zn**
photoreleased in the opaque brain environment since we cannot
accurately quantify light reaching the spot of measurement.
However, the photolysis of 100 yuM [Zn(DPAdeCageOMe)]*
likely provides Zn?* concentrations in line with naturally
occurring transient extracellular (10—20 M) Zn** levels,'
given that the quantum yield is ~30%’  and that light of
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decreased intensity would penetrate the opaque environment of
the brain.

Increasing the Light Exposure Time Decreases the DA
Uptake Rate. We also examined the effect of tjg, in the
presence of the [Zn(DPAdeCageOMe)]* complex on DA
release and uptake. Recordings were collected at exposure times
that ranged from 0 to 1000 ms. Figure 6A shows the
representative, color plots, DA release plots, and cyclic
voltammograms before the application of [Zn-
(DPAeCageOMe)]" or light (“naive”) and three different light
pulse durations (200, 600, and 1000 ms). Pooled data from
multiple brains are shown in Figure 6B—D. Increases in light
exposure time dramatically impaired DA clearance, given that k
decreased (p = 0.0037, main effect, one-way ANOVA, n = 7
brains) (Figure 6C) and half-life (¢,/,) increased (p = 0.0019,
main effect, one-way ANOVA, n = 7 brains) (Figure 6D).
Dunnett’s multiple comparison post hoc test revealed no
difference in k or t,, at 0—200 ms. However, exposure to light
at durations of 400—1000 ms significantly decreased k (p =
0.0213, 400 ms; p = 0.0174, 600 ms; p = 0.0052, 800 ms; p =
0.0044, 1000 ms), while exposure at durations of 600—1000 ms
significantly increased ¢, (p = 0.0343, 600 ms; p = 0.0047, 800
ms; p = 0.0050, 1000 ms).

These data indicate that increasing Zn>* release by photo-
uncaging of the [Zn(DPAdeCageOMe)]* complex progres-
sively decreases uptake. In our system, light applied at brief
durations (0—200 ms) did not result in a change of k and ¢, ,,
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Figure 6. Increasing light exposure time progressively decreases the DA uptake rate. (A) Representative color plots, stimulated release plots, and cyclic
voltammograms for DA relase from naive brains and from brains treated with #;,;, times of 200, 600, and 1000 ms. The main effects determined using
one-way ANOVA (n =7 brains) are (B) released DA concentration (p = 0.1535%1;‘ (C) k (p=0.0037); and (D) t,, (p = 0.0019). *p < 0.0, **p < 0.01,
Dunnett’s multiple comparison test. The value of ty.,, was 500 ms, and the concentration of [Zn(DPAeCageOMe)]* was 100 uM.

while light applied at greater durations (>200 ms) did. These

longer durations, therefore, are necessary to provide a results also indicate that we can control the bioavailability of
concentration of Zn>" that can inhibit uptake. Critically, our Zn*" by controlling the light exposure time duration.
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Figure 7. Shorter delay times enhance the effects of Zn**
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photorelease. (A) Representative color plots, stimulated release plots, and cyclic

voltammograms for DA relase with naive, 200, 600, and 1000 ms light to electrical stimulation delay times. Main effects from one-way ANOVA (n =7
brains) are as follows: (B) released DA concentration (p = 0.9321); (C) k (p = 0.0224); (D) t,, of DA (p = 0.0661). *p < 0.0, **p < 0.01, Dunnett’s
multiple comparison test. The value of t;z was 500 ms, and the concentration of [Zn(DPAeCageOMe)]* was 100 yM.

Shorter Stimulation Delay Times Correspond to a
Greater Effect on DA Uptake. As shown in Figure 3C, there is
a time gap between the end of the light application time and the
start of the electrical stimulation of DA release (tdelay)
Optimization of tdelay is important because it is the time needed
for uncaged Zn>" to influence DA uptake. In this experiment, we
systematically increased ty,,, from 200 to 1000 ms while keeping
the light exposure time (1000 ms) and the electrical stimulation
parameters constant (15 pulses, 60 Hz, 2 ms, 350 #A). Figure 7A
depicts representative DA release plots and cyclic voltammo-
grams obtained ex vivo in brains prior to light application (naive)
and after light was applied at a ty,, of 200, 600, and 1000 ms.
Figure 7B shows the pooled data for [DA]yax, k, and t, ;. Like
the previous measurements in Figures 4—6, [DA]yax did not
significantly change (p = 0.9321, main effect, one-way ANOVA,
n =7 brains), while delay times of 200—600 ms had a significant
effect on k (p = 0.0224, main effect, one-way ANOVA, n = 7
brains). The results of Dunnett’s multiple comparison post hoc
analysis revealed that k values at the 200, 400, and 600 ms delay
times were different from the naive k values (p = 0.0133, 200 ms;
p =0.0077, 400 ms; p = 0.0294, 600 ms). The overall main effect
of t4e1ay ON £/, Was not statistically significant (p = 0.0661, main
effect, one-way ANOVA, n = 7 brains). However, the results of
Dunnett’s multiple comparison post hoc analysis revealed that
t1/, values at the 200 and 400 ms delay times were significantly
different from the respective naive t,,, values (p = 0.0296, 200
ms; p = 0.0289, 400 ms).

B DISCUSSION

In this study, we have developed a method that combines caged
Zn** photorelease with FSCV and have used this approach to
examine how sub-s Zn** application influences the stimulated
release and uptake of DA in whole zebrafish brains. Although DA
release appeared to be unaffected, uptake was diminished. In
contrast, a 1 h bath application of brains in Zn2+-containing
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sCSF appeared to increase both DA release and uptake. After
optimizing the concentration of the [Zn(DPAdeCageOMe)]*
complex, we further showed that increasing the light exposure
time enhances the effect of Zn?* photorelease on uptake.
Moreover, the degree of uptake inhibition by Zn** decreased
with an increased delay time between light application and
electrical stimulation.

Previous studies have identified Zn** as an endogenous
allosteric modulator of the DAT,'®* which terminates synaptic
dopaminergic neurotransmission by reuptake of extracellular
DA into the presynaptic neurons. The binding site of Zn>* on
DAT consists of four amino acid residues and is located on the
extracellular part of the protein.’>*° Several studies have
suggested that binding Zn®* inhibits the action of DAT likely
by the hindrance of a conformational change essential for the
transport process.”®”* Therefore, the slow DA clearance rate
that we observed with the photouncaging of the [Zn-
(DPAdeCageOMe)]* complex and bath application with Zn**
is likely due to the inhibition of DAT through Zn** binding to
this site.

Another interesting aspect of these findings is that a 1 h bath
application of brains in Zn>'-containing aCSF induced a
significant increase in [DA]y,x, while sub-s photorelease of
Zn*" appeared to have no effect. Although it is difficult to
pinpoint a specific mechanism underlying this phenomenon, it is
likely that the amount of time during which brains were exposed
to Zn®" is important. On sub-s time scales, Zn*" binds to
extracellular targets and can influence release rapidly. For
example, Zn*" binding to sites on D1- and D2-type DA receptors
results in altered binding kinetics of DA.***

D2 DA autoreceptors are located presynaptically on
dopamine terminals in mammalian and teleost brains and
serve as a feedback mechanism through several actions.
Activation results in the rapid inhibition of DA release
probability by inhibition of voltage-gated calcium channels

https://doi.org/10.1021/acschemneuro.3c00668
ACS Chem. Neurosci. 2024, 15, 772—782


https://pubs.acs.org/doi/10.1021/acschemneuro.3c00668?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00668?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00668?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00668?fig=fig7&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.3c00668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Chemical Neuroscience

pubs.acs.org/chemneuro

Research Article

(P/Q and N-type),*"®* membrane hyperpolarization through
activation of voltage-dependent potassium channels
(Ky1.2),°*°* and enhancement of DA uptake by association
with dopamine transporter molecules.”>~”" This fast inhibition
of release can occur within hundreds of milliseconds.”>”"
Additionally, D2 autoreceptor activation results in the inhibition
of DA synthesis, which occurs over a longer period of time.”*”*

Our previous studies have shown that pharmocological
inhibition of D2 and D3 autoreceptors increases DA release in
this zebrafish brain preparation.”* On the other hand,
postsynaptic D1 and D2 receptors may also impact release in
this whole brain preparation, given that the circuitry is intact.*' It
is unclear how quickly autoreceptor activation alters DA release
in zebrafish; therefore, we cannot exclude the possibility that the
disruption of binding of DA to D2 receptors by Zn** has
influenced DA release in our preparation. Nevertheless, our
findings suggest that sub-s Zn>" photorelease primarily affects
DA uptake.

Over longer periods of time, Zn** may enter cells and affect
other targets. For example, it binds to Src kinase, which
upregulates NMDA receptors’* and activates TrkB receptors.”®
Additionally, Zn* binds to metal regulatory transcription factor-
1 (MTF-1), upregulating transcription of various gene targets
associated with maintaining zinc homeostasis, including metal-
lothionein-2 (MT-2), metallothionein-3 (MT-3), and zinc
transporter-1 (ZnT1).”””® Intracellular Zn* can also influence
the regulation and function of multiple membrane receptors,
including upregulating M-type potassium channels.”” In our
study, these and other mechanisms may have influenced DA
release and uptake following the 1 h-duration bath application of
brains in Zn®*. Given that intracellular Zn>* plays numerous
signaling roles, it is difficult and beyond the scope of this work to
identify which mechanisms may increase the DA overflow after a
1 h-long exposure to Zn**; however, the roles that intracellular
Zn** plays in DA release should be examined in the future.
Collectively, the results of these measurements support the
feasibility of our approach of using photocaged compound
photolysis combined with FSCV measurements to study the
regulation of neurotransmitter release and uptake by metal ions.

We also found that as we increased f4,,, uptake tended to
return to normal. This finding may be explained by the rapid
diffusion of Zn** immediately after its photorelease. The
diffusion of the ions in the brain extracellular space is complex
and is constrained by several factors, such as volume fraction and
tortuosity. Sykova and Nicholson have studied the diffusion of
molecules in the brain and developed a modified diffusion
equation to analyze the transport behavior of several
molecules.*” Furthermore, a recent study combined theoretical
and experimental approaches to study the diffusion of Zn** in
the synaptic cleft.”’ Their findings suggest that the Zn>*
concentration exponentially decreases over 100 ms. Our results
indicate that Zn** had diffused sufficiently so that there was no
effect on uptake after 800 ms.

Furthermore, zinc transporters (ZnTs) and metallothionines
(MTs) are known to regulate zinc homeostasis in the cellular
and subcellular environment. MT's serve as buffers against rising
Zn*" levels in the intracellular environment.”” They maintain
homeostasis by trapping free cytosolic Zn*".** ZnTs help
regulate overall zinc balance and distribution within cells.”
Previous studies revealed that increased zinc exposure elevated
the functions and expression of MT's and ZnTs.”*® Hence, the
diminishing effects on k and ¢, , at greater f;,1,, values might arise
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from the combined functions of MTs, ZnTs, and extracellular
diffusion.

A consensus is coalescing around the idea that altered
homeostatic levels of Zn** play a significant role in many
neurological disorders. These disorders (reviewed by Wang et
al.**) include neurodegenerative conditions such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), and multiple sclerosis
(MS); psychiatric disorders such as depression and schizo-
phrenia; epilepsy; and traumatic brain injury. In the case of
neurodegenerative disorders, especially PD, it is important to
understand how DA regulation is altered. Oxidative stress is
known to play an important role in PD and Zn** binds to DAT in
part by its association with histidine residues,>>* which are
particularly vulnerable to covalent modifications caused by
reactive oxygen species.”” These modifications likely decrease
the ability of Zn** to bind to this site. Our approach of
combining FSCV with caged Zn* photorelease can be used in
combination with mass spectrometric techniques to assess the
effects of these modifications on DAT performance.

Our approach can also be used to resolve neurochemical
mechanisms that underlie depression. For example, serotonin
signaling has long been implicated in depression, and chronic
administrations of SSRIs, such as escitalopram and fluoxetine,
are front-line treatments that enhance serotonin levels.*’
However, little attention has been given to how Zn*" interacts
with S-HI1A receptors, which can function as autoreceptors on
presynaptic terminals, thereby regulating serotonin release. Like
DAT, the function of this receptor type is inhibited by Zn**
associating with it via an allosteric binding site.*” Measurement
of serotonin release and uptake with FSCV, combined with
caged compound photorelease, promises to reveal how the sub-s
function may be altered under conditions that cause depression,
in both zebrafish and rodent models.

B CONCLUSIONS

In this study, we combined Zn caged compound photolysis with
FSCV to determine how transient Zn®* release influences DA
release/reuptake in whole zebrafish brains ex vivo. We found that
the photorelease of Zn** from the [Zn(DPAdeCageOMe)]*
complex decreases DA uptake, with greater light exposure times
and smaller delay times increasing this effect. Together, these
results demonstrate that caged compound photolysis combined
with FSCV can be used to investigate the effects of transient
metal ion fluctuations on neurotransmitter dynamics with
controlled spatial and temporal resolution. Moreover, dysregu-
lation of zinc homeostasis is associated with the pathogenesis of
multiple neurological conditions, including Alzheimer’s dis-
ease,”® Parkinson’s disease,” amyotroghic lateral sclerosis,”
traumatic brain injury,”’ depression,”” and schizophrenia.”®
Thus, the ability to control the spatial and temporal availability
of Zn*" ions afforded by our new method could be particularly
beneficial in understanding the role of Zn** under these
conditions.

B METHODS

Chemicals. The Zn** caged compound, DPAeCageOMe (2-
[bis(pyridine-2-ylmethyl) amino]-2-(4-methoxy-3-nitrophenyl) acetic
acid), was synthesized as previously described.”* For [Zn-
(DPAeCageOMe)]* preparation, DPAeCageOMe was dissolved in
zinc-free artificial cerebrospinal fluid (aCSF; 126 mM NaCl, 2.5 mM
KClI, 2.4 mM CaCl,, 1.2 mM MgSO,, 25 mM NaHCOj;, 1.2 mM MgCl,
and 20 mM HEPES, adjusted to a pH of 7.4) to give a final
concentration of 100 uM. For the concentration study described in
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Figure 5, aCSF containing 50, 100, and 150 uM DPAeCageOMe was
made. ZnCl, (lot no.: MKCNG676S, 98%, Sigma-Aldrich, St. Louis,
MO) and DPAeCageOMe solutions were mixed in 1:1 molar ratio to
prepare [Zn(DPAeCageOMe)]* of the desired concentration. Stand-
ards for the uncaging byproducts, 4-methoxy-3-nitrobenzaldehyde
(3NPA; lot number MKBR4377V) and di-(2-picolyl)amine (DPA; lot
number MKCP3723), were obtained from Sigma (St. Louis, MO).

Animals. The University of Kansas Institutional Animal Care and
Use Committee approved all animal procedures. Wild-type adult Danio
rerio (zebrafish, AB wild-type strain) were bred and housed at the
University of Kansas. Fish were maintained in a tank system as
previously described.*> Water quality was monitored, and parameters
were maintained: conductivity, 800 uS cm™} pH, 7.2; and temperature,
28 °C. Alight/dark cycle of 14 h on and 10 h off was used. Fish received
food twice daily.

Zebrafish Brain Preparation. After euthanasia by rapid chilling
and decapitation, the head was mounted on a 2% agarose Petri dish
submersed in ice-cold, oxygenated aCSF. The skull was dissected under
a stereoscope and the brain was placed in a heated (28 °C) superfusion
chamber. The superfusate consisted of aCSF maintained at 28 °C and
saturated with oxygen/carbon dioxide (95%/5%). The zebrafish aCSF
composition was modified for each zinc photorelease recording session
to prevent zinc precipitation and consisted of 131 mM NaCl, 2 mM
KCl, 20 mM NaHCO;, 2 mM MgCl,, 10 mM glucose, 2.5 mM CaCl,-
H,0, and 10 mM HEPES dissolved in purified (18.2 MQ) water (pH
7.35—7.4). The brain was anchored in place with a nylon mesh harp
(Warner Instruments, Holliston, MA).

Fast Scan Cyclic Voltammetry. Cylindrical carbon fiber micro-
electrodes (CFMEs) were fabricated using previously published
procedures.”® Briefly, glass barrels (1.2 mm D.D. and 0.68 mm LD, 4
in. long; A-M Systems Inc., Carlsberg, WA) were loaded by suction with
single carbon fibers (7 ym diameter, Goodfellow Cambridge LTD,
Huntingdon, U.K.). Loaded barrels were heated and pulled with a PE-
22 heated coil puller (Narishige Int. USA, East Meadow, NY). Exposed
carbon fiber tips were cut to 100 gm from the glass seal. EPON resin
815C and EPIKURE 3234 curing agent (Miller-Stephenson, Danbury,
CT) were used to seal each electrode. Electrodes were dipped for 30 s
into the resin, dipped into toluene, and cured at 100 °C for at least 1 h.
Measurements were obtained with an integrated system that consisted
of a Dagan Chem-Clamp potentiostat (Dagan, Minneapolis, MN), a
personal computer with National Instruments computer interface cards
(PCI 6052 and PCI 6711, National Instruments, Austin, TX), and a
breakout box. Tar Heel CV software (provided by R.M. Wightman,
University of North Carolina, Chapel Hill, NC) was used to collect
measurements. For measurements in brains, the applied waveform
parameters were as follows: scan rate, 400 V/s; waveform application
frequency, 10 Hz; and waveform potentials applied, — 0.4 to +1.3 V to
—04 V (vs Ag/AgCl reference electrode). Prior to obtaining
measurements, the carbon fiber surface was pretreated by applying
the waveform at an application frequency of 60 Hz for 1S min, followed
by 10 Hz for 10 min. Release was evoked by the coordinated application
of multiple biphasic stimulus pulses (15 pulses, 60 Hz, 2 ms, 350 uA).
These pulses were applied to two tungsten electrodes positioned 200
um apart. The carbon fiber working electrode was positioned in the
dorsal nucleus of the ventral telencephalon (V,) between the two
stimulation electrodes, a spot in the brain that is innervated with
dopaminergic fibers that originate in the posterior tubercle (PT). We
have previously carried out pharmacological studies in which the
norepinephrine transporter was inhibited to ensure that norepinephrine
release did not contribute to the electrochemical signal.‘”’74 Brains were
given 10 min recovery time between electrical stimulations.

Photouncaging of [Zn(DPAeCageOMe)]*. An overview of a
typical recording session with a more detailed description is shown in
Figure 1B,C. The brain was perfused with [Zn(DPAeCageOMe)]" in
oxygenated aCSF that was recycled with a peristaltic pump. An optical
fiber (1 mm diameter) was positioned above the telencephalon region
of the brain, close to the carbon fiber microelectrode. A single light
pulse, supplied by a mercury lamp, was applied by transient opening of a
shutter (LS6ZM2, Uniblitz electronics, Rochester, NY) activated by a
custom controller designed by the University of Kansas Instrument
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Design Laboratory (KU-IDL). This controller was operated by
software written by the KU-IDL and activated by a + S V transistor—
transistor logic (TTL) signal received from Tar Heel software. This
arrangement provided synchronicity between light pulses and electrical
stimuli. Light from the mercury lamp was supplied by a fiber optic cable
(PolyMicro Technologies, Inc., Phoenix, AZ). After a set delay period
after the TTL signal application, specified in Tar Heel software, the
electrical stimulus pulse(s) was applied, and the released amount of DA
was measured with FSCV. For method optimization and rigor, light
toxicity for the DA measurements was measured by applying light
pulses up to 1000 ms without the application of the caged compound.
To determine optimum light exposure time, DA release and uptake
measurements were taken while adjusting the light exposure duration
(tlight) at values ranging from 0 to 1000 ms. Next, the optimal delay time
between light application and electrical stimulation (tde[ﬂy) was
determined by collecting recordings at values ranging from 0 to 1000
ms. The effect of the caged compound concentration was measured by
changing the concentration while keeping g4, and t4,,, constant.
Data Analysis and Statistics. GraphPad Prism 7 (GraphPad
Software, Inc., La Jolla, CA) was used for statistical analysis and
graphing. For all of the listed experiments, the reported data are
presented as a mean value =+ the standard error of the mean (SEM). The
N value listed for all of the experiments indicates the number of whole
fish brains used. Figure 1D illustrates the data obtained from each
stimulated release plot. To determine the peak DA overflow
([DA]yax), the maximum current for DA release (iyux) was
determined by using Tar Heel software. [DA]y,x was then determined
by comparing this current with values obtained by calibrating the
electrode against DA standard solutions in a flow cell. The modeling of
stimulated release plots was performed with GraphPad software
specifically to compare DA uptake in zebrafish brains before and after
Zn** photorelease occurred. DA uptake was then modeled in GraphPad
to determine k, the first order rate constant of uptake, and t, /,, the half-
life of uptake. We used these results to determine how k and t,,,
changed in a given brain over time. DA reuptake by DAT was
determined using the nonlinear regression plateau followed by one
phase decay model of GraphPad, as we have previously published.”*
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