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ABSTRACT

Kinetic analysis of dopamine receptor activation and inactivation and the study of dopamine-
dependent signaling requires precise simulation of the presynaptic release of the
neurotransmitter dopamine and tight temporal control over the release of dopamine receptor
antagonists. The 8-cyano-7-hydroxyquinolinyl (CyHQ) photoremovable protecting group (PPG)
was conjugated to dopamine and the dopamine receptor antagonist sulpiride to generate
“caged” versions of these neuromodulators (CyHQ-O-DA and CyHQ-sulpiride, respectively) that
could release their payloads with 365- or 405-nm light or through 2-photon excitation (2PE) at
740 nm. These compounds are stable under physiological conditions in the dark, yet photolyze
rapidly and cleanly to yield dopamine or sulpiride and the caging remnant CyHQ-OH. CyHQ-O-
DA mediated the light-activation of dopamine-1 (D1) receptors on the breast cancer cell line
MDA-MB-231 in culture. In mouse brain slices from the substantia nigra pars compacta,
localized flash photolysis of CyHQ-O-DA accurately mimicked the natural presynaptic release of
dopamine and activation of dopamine-2 (D2) receptors, causing a robust, concentration-
dependent, and repeatable G protein-coupled inwardly rectifying potassium (GIRK) channel-
mediated outward current in whole-cell voltage clamp recordings that was amplified by cocaine
and blocked by sulpiride. Photolysis of CyHQ-sulpiride rapidly blocked synaptic activity,
enabling measurement of the unbinding rates of dopamine and quinpirole, a D2 receptor
agonist. These tools will enable more detailed study of dopamine receptors, their interactions
with other GPCRs, and the physiology of dopamine signaling in the brain.

KEYWORDS
photoremovable protecting groups, caged compounds, photoactivation, neuromodulators,
dopamine, sulpiride
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INTRODUCTION

Dopamine is the primary agonist of the dopamine receptor,’? of which five subtypes exist:
D1-D5. Abnormal dopaminergic function is implicated in diseases and disorders like Parkinson’s
disease,® Alzheimer’s disease,* schizophrenia,® addiction,® bipolar disorder,” and attention-
deficit, hyperactivity disorder (ADHD).2 Dopamine signaling also underlies the regulation of
movement and plays an important role in reward driven learning.®'® A complete understanding
of the mechanisms that underlie these processes has been the source of considerable effort."
To this point, there are few studies that have been able to determine how dopamine receptors
signal with precise spatial and temporally relevant application of dopamine.'' Synaptic release
from vesicular stores results in a high local concentration of dopamine in the extracellular space
that is removed through the reuptake by the plasma membrane-associated dopamine
transporter.'®'® To understand dopamine-dependent signaling, it is necessary to apply
exogenous dopamine with similar precision to mimic the natural release of the neurotransmitter.
Studies have been hampered in this way, because diffusion barriers in the brain pose a
significant limitation on the speed at which dopamine can be applied. Thus, the kinetic analysis
of receptor activation and inactivation has not been adequately addressed. This problem can be
overcome with the use of “caged” agonists and antagonists that can be photoactivated with sub-
microsecond precision.' The term “caged compound” used here means an agonist or
antagonist covalently bound to a photoremovable protecting group (PPG), inactivating the
agonist or antagonist by greatly reducing its affinity for its target receptor. Light cleaves the bond
to release the active form of the agonist or antagonist.?’ PPG-effector conjugates or “caged
compounds” offer the ability to rapidly release dopamine or an antagonist, such as the D2 and
D3 receptor-selective inhibitor sulpiride,?™* and enable kinetic analyses that have not been
possible previously.

A number of caged dopamine compounds have been produced: CNB-,* NPEC-, RuBi-,%
BBHCM-,%® and CNV-caged?” dopamine (Figure 1). Quantitative photochemical property data
are not reported for CNB-, CNV-, and NPEC-DA. The CNB group has a short maximum
excitation wavelength (Amax = 266 nm)?® with little absorptivity at wavelengths >350 nm,* where
light is less likely to cause damage. CNV-DA improved on this and can be excited at 365
nm.?"*° For tight spatial resolution of dopamine release in cell culture, the release kinetics
should be faster than rates of diffusion out of the focal volume of the light beam, i.e., timescales
less than 1 ms.3"*2 The CNB and CNV groups depend on the decomposition of excited state
intermediates that occur on timescales of 20-80 ps,?°*%%34 but he NPEC PPG releases on
millisecond to second timescales.* NPEC- and BBHCM-dopamine are also slow to release
dopamine, because they contain carbamate linkages, which after photolytic cleavage of the C—
O bond slowly decompose on millisecond to second timescales to reveal the amine.***” Data on
the stability toward spontaneous release of dopamine in the dark from CNB-, CNV-, NPEC-, and
RuBi-DA are not reported, although the CNV-protected phenolic ether of capsaicin decomposed
1.7% in 24 hours in pH 7.2 HEPES buffer.®® In physiological buffer, BBHCM-dopamine
decomposed 7% in 24 h.?® Both of these hydrolysis rates should not significantly impact
experiments of short duration. We have observed that repeated photolysis of RuBi-DA on brain
slice did not give a consistent electrophysiological response over time (Figure S1). If tight 3-
dimesional control over dopamine release through 2-photon excitation (2PE)**? in tissue
culture is desired, then the BBHCM and RuBi groups have much higher sensitivities to this
mode of excitation than the CNB-, CNV-, and NPEC groups, which probably behave like related
nitrobenzyl-based PPGs in being practically insensitive to 2PE.204043

A photoactivatable form of sulpiride has not been reported previously, but 2-nitrobenzyl-
and dimethoxynitrobenzyl-protected D2/D3 receptor antagonist, dechloroeticlopride, were
recently reported.** Effective caged antagonists are more challenging to create than those of
agonists, because most antagonists are highly potent with 1Csq values in the low nanomolar
range. A small amount of spontaneous hydrolysis in the dark of the PPG-antagonist conjugate
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can cause a significant physiological effect. This challenge would need to be overcome for
sulpiride, which is a potent antagonist of the human and rat D2 receptors with low nanomolar
inhibitory constants (K = 9.4 and 6.9 nM, respectively).?

The present study describes the design and synthesis of caged dopamine derivatives and
sulpiride, using the 8-cyano-7-hydroxyquinolinyl (CyHQ) PPG.***® A single photoactivatable
dopamine, CyHQ-O-DA, emerged from among those prepared as having the most desirable
physical and photochemical properties for in vivo use. CyHQ-O-DA and CyHQ-sulpiride are
stable in physiological buffer, have rapid release kinetics, and reasonable 2-photon uncaging
action cross sections. CyHQ-O-DA photolyzed in cell culture and brain slices, where repeated
applications of light rapidly activated D2 receptors in the substantia nigra resulted in
reproducible outward currents. Likewise, photolysis of the CyHQ-protected sulpiride blocked D2
receptors, resulting in the rapid decline of the outward current induced by exogenously and

synaptically applied dopamine.
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Figure 1. Photoactivatable dopamine derivatives.

RESULTS AND DISCUSSION
Synthesis

We prepared four different CyHQ-protected dopamine analogs, CyHQ-O-DA, (CyHQ).-
0,0-DA, CyHQ-N-DA, and (CyHQ).-N,O-DA (Scheme 1). CyHQ-O-DA and CyHQ-N-DA were
designed for rapid, clean photolysis reactions, although the initially-formed carbamate from
CyHQ-N-DA would be slow to release dopamine. (CyHQ).-O,O0-DA and (CyHQ).-N,O-DA were
designed to take advantage of chemical 2-photon uncaging,*® which uses two PPGs bound to
dopamine to severely diminish its ability to bind to dopamine receptors and provide robust
hydrolytic stability. CyHQ-sulpiride (Scheme 2) was based on the ability of CyHQ to release
tertiary amines.*’

The synthesis of CyHQ-O-DA commenced with preparation of Boc-protected dopamine by
an established procedure,* followed by reacting with MOM-CyHQ-OMs (prepared by literature
procedures,*” Scheme S1) and cesium carbonate in acetone to provide MOM-CyHQ-0O-DA-Boc
in 65% yield (Scheme 1). Treatment of MOM-CyHQ-O-DA-Boc with trifluoracetic acid (TFA) in
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dichloromethane provided CyHQ-O-DA as a 10:7 mixture of regioisomeric ethers in 85% yield.
(CyHQ).-O,0-DA was prepared by a similar strategy, but employing two equivalents of MOM-
CyHQ-OMs. The resulting MOM-(CyHQ)2-O, O-DA-Boc intermediate was deprotected with
TMSCI in methanol yielding (CyHQ)»-O,0-DA. CyHQ-N-DA was synthesized by reacting MOM-
CyHQ-OH (prepared by literature procedures,*” Scheme S1) with 1,1'-carbonyldiimidazole (CDI)
to generate an activated carbamate. The imidazole was displaced by dopamine, resulting in the
formation of MOM-CyHQ-N-DA. Removal of the MOM ether was accomplished through
treatment with TFA in dichloromethane to produce CyHQ-N-DA in 70% yield. (CyHQ).-N, O-DA
was prepared by reacting MOM-(CyHQ)-N-DA with MOM-CyHQ-OMs using cesium carbonate
in acetone as the base to generate MOM-(CyHQ).-N, O-DA. The deprotection was carried out
with TMSCI in methanol to generate a 2:1 mixture of two regioisomers. CyHQ-sulpiride was
synthesized by first reacting sulpiride and MOM-CyHQ-OMs in refluxing acetonitrile, followed by
removal of the MOM group with TFA in dichloromethane (Scheme 2).

Scheme 1. Synthesis of CyHQ-protected dopamine derivatives.
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Scheme 2. Synthesis of CyHQ-protected sulpiride.
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Photochemistry

The UV-vis spectra of each of the CyHQ-protected dopamine constructs in KMOPS buffer
at pH 7.2 revealed reasonably strong absorptions (¢ = 5300-8300 M cm™) at 364-365 nm,
including a tail that extended above 405 nm (Figure S2). A similar observation was made for
CyHQ-sulpiride (Figure S2).
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The photolysis reactions of the CyHQ-protected dopamine derivatives and sulpiride were
assessed at 365 and 405 nm (1PE) under simulated physiological buffer conditions (pH 7.2
KMOPS buffer) using an LED light source at the respective wavelength (Scheme 3). The
progress of each reaction was monitored by HPLC, detecting the disappearance of the CyHQ-
protected dopamine or sulpiride and the appearance of free dopamine or sulpiride (Figure 2),
and from these data the quantum yield (®,) of the reaction and the chemical yield of dopamine
or sulpiride were calculated (Table 1). The value of the 2-photon uncaging action cross-section
(8u) was measured for CyHQ-O-DA, (CyHQ)2-O,0-DA, and CyHQ-sulpiride (Figures S5 and S6);
CyHQ-N-DA and (CyHQ)2-N,0O-DA did not photolyze through 2PE.

Scheme 3. Photolysis reactions of CyHQ-protected dopamine derivatives and CyHQ-protected

sulpiride
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CyHQ-O-DA photolyzed with quantum yields of 0.19 and 0.20 at 365 and 405 nm,
respectively, and released dopamine at 365 and 405 nm in 67 and 61% yield, respectively.
CyHQ-OH and dopamine were the predominant products of the reaction; no significant amounts
of other discrete photoproducts were detected. CyHQ-O-DA had a two-photon cross section of
0.24 GM. The value of ®, was slightly lower than that of other CyHQ-protected phenols,
whereas the value of &, was similar to them.*® (CyHQ).-O, O-DA displayed a photochemical
quantum yield (0.19) and 2-photon uncaging action cross-section (6, = 0.12 GM), but yielded
only 15-16% dopamine, perhaps owing to the fact that two independent photolysis reactions had
to occur to release dopamine. (CyHQ)-N-DA was the most sensitive (¢-®,) to photolysis through
1PE and gave a 60% yield of dopamine, but it was less stable in the dark than the ethers,
because the carbamate can hydrolyze in KMOPS, pH 7.2. In contrast to the other CyHQ-DA
derivatives, (CyHQ).-N, O-DA exhibited low quantum and chemical yields of dopamine, possibly
the result of a photophysical deactivation process from cross-talk between the chromophores.

CyHQ-sulpiride photolyzed with quantum yields of 0.19 and 0.22 at 365 and 405 nm,
releasing sulpiride in 65% and 63%, respectively. Its sensitivity to 2PE at 740 nm, 3, = 0.26 GM,
was similar to other CyHQ-protected tertiary amines.*’
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41 Figure 2. Time courses for the photoreaction of CyHQ-O-DA and CyHQ-sulpiride with (top) 365-
42 and (bottom) 405-nm light. Solid lines are the least-squares fit to an exponential decay and
43 dashed lines are an exponential rise to max for each measurement. Error bars represent the
44 standard deviation of the average of three measurements. See Figures S3 and S4 for time
45 courses of the 1PE-driven photolysis reactions of CyHQ-N-DA, (CyHQ)-O,0-DA, and (CyHQ).-
46 N,O-DA and Figures S5 and S6 for the 2PE-driven photolysis reactions of CyHQ-O-DA,
47 (CyHQ).-0,0-DA, and CyHQ-sulpiride. See the Supporting Information for representative HPLC
jg traces of the photolysis reactions.
g? The susceptibility of each CyHQ-protected dopamine derivative and sulpiride toward
52 spontaneous hydrolysis in the dark was determined by monitoring the decomposition of a 100-
53 uM solution of each in KMOPS buffer by HPLC. The concentration of CyHQ-O-DA and
54 (CyHQ).-0O,0-DA did not change over 100 hours, that of CyHQ-N-DA and (CyHQ)2-N,O-DA did
55 not change over 24 hours, and that of CyHQ-sulpiride did not change over 72 hours, indicating
56 that all of the compounds were sufficiently stable in the dark for biological experiments. All of the
57
58
59
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CyHQ-DA derivatives and CyHQ-sulpiride had adequate solubility for biological purposes; a
100-uM solution of each was easily prepared in KMOPS buffer.

CyHQ-O-DA portrayed the best photochemical and photophysical properties among all of
the CyHQ-protected dopamine derivatives. Compared to previously reported PPG-dopamine
conjugates, CyHQ-O-DA exhibited a higher quantum yield for 1PE than RuBi-?* and BBHCM-
DA? (Table 1). At their respective Amax values, CyHQ-O-DA is more sensitive to light than RuBi-
DA, but less sensitive than BBHCM-DA, owing to its much larger extinction coefficient. The
sensitivity to 2PE of CyHQ-O-DA was similar to that of RuBi-DA, the only caged dopamine with
a reported 2-photon uncaging action cross-section. BBHCM-DA and CyHQ-N-DA have similar
photochemical properties and instability toward spontaneous hydrolysis in the dark. Quantitative
photochemical data for CNB-, CNV-, and NPEC-DA and stability in the dark for RuBi-DA are not
reported, so comparisons to these compounds were not possible.

Hydroxyquinoline PPGs are known to release their payloads on the femto- to nanosecond
timescales,*”*'** much faster than diffusion through cellular media and dopaminergic signal
transduction. We expect CyHQ-O-DA to release dopamine with similarly rapid release kinetics,
which are on par with those of RuBi-DA.** The initial cleavage of the carbamate linkage in
CyHQ-N-DA would be expected to occur on the same short timescales, but the resulting
carbamate decomposes to the free amine on millisecond to second timescales,***” much too
slow for tight spatial resolution of dopamine release in cell or tissue slice culture. For the same
reason, BBHCM- and NPEC-DA would also release dopamine at a relatively slower rate.

CyHQ-O-DA was chosen from among all of the CyHQ-protected dopamine derivatives for
biological studies, because it offered the cleanest reaction, best stability in the dark, highest
yield of dopamine, fastest release kinetics, and most efficient photolysis at 365 and 405 nm. A
405-nm laser is frequently standard on commercial confocal microscopes (a 365-nm laser is
less common), so PPGs that photolyze at this wavelength are desirable probes. CyHQ-sulpiride
also possessed the desired photophysical and photochemical properties, solubility, and stability
in the dark for physiological use.
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Table 1. Photophysical and photochemical properties of CyHQ-, RuBi-, and BBHCM-protected dopamine derivatives and CyHQ-
protected sulpiride.

agm = age o x . . Dark
d d
7\,max €365 € 405 SenS|t|V|ty SenSlthlty Yield Yield Su St bilit

Compound (nm) | (M7 em) | (W7 em) | P9 | P9 | (s u) | (euns @) | (365 nm) | (405 nm) | (GM)P |

oNOYTULT D WN =

CyHQ-O-DA? 365 5300 280 0.19 0.20 990 55 67% 61% 0.24 100

9 (CyHQ).-O0,0-DA® | 364 5480 324 0.19 0.19 1044 61 16% 15% 0.12 100

10 CyHQ-N-DA? 364 6700 251 0.19 0.20 1283 50 60% 49% n.p.c 24

1 (CyHQ).-N,0-DA® | 364 8300 631 0.02 | 0.018 142 11 4% 2% n.p.c 24

12 CyHQ-sulpiride® 372 6500 830 0.19 0.22 1239 184 65% 63% 0.26 72

13 4900 420
RuBi-DA2 - - - - - f -
14 uBi 447 (447 nm) 0.085 (447 nm) 0.24

- 26 ’ - - - - - -

17 30.1 mM solution in KMOPS buffer, pH = 7.2. PExcitation at 740 nm, M = 10°%° cm* s/photon. °No photolysis. ®Yield of DA or sulpiride measured by
18 HPLC. ®No spontaneous hydrolysis in the dark observed within the time given. ‘Excitation at 800 nm. See Tables S1 and S2 for the data used to
19 calculate @, and 3.
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Photoactivation of dopamine in cell culture

As an initial test of efficacy, CyHQ-O-DA was photolyzed in a culture of MDA-MB-231 cells
(a breast cancer line), which express D1 receptors that when activated cause an intracellular
[Ca?'] increase.®**® Cells were plated on glass-bottom dishes and loaded with the Ca?* indicator
Fluo-4 AM. The cells were imaged with a confocal microscope at 488 nm for 800 s to check for
aberrant release of dopamine; none was observed. Light from a 405-nm laser (3.8 mW) was
applied in close proximity of a cell for 25 ms, and the change in fluorescence intensity across
the cell was measured with Fluoview software (Figure 3A,D). In the absence of CyHQ-O-DA, no
Ca?" signal was observed. When a 1-mM solution of dopamine was added to the MDA-MB-231
cells in culture, a strong Ca?* signal was observed after a delay of more than 200 s (Figure
3B,E). The combination of CyHQ-O-DA (1 mM) in the media and a 25-ms pulse of light from the
405-nm laser close to the cell generated a similar signal. Interestingly, a single pulse of light to
release dopamine from CyHQ-O-DA produced a regular pattern of Ca®" signals in the cells
(Figure 3C,F). The dopamine receptor-mediated physiology of these cells is not well-studied, so
we are unable ascribe any meaning to this observation.

Before lllumination After lllumination

Brightfield

0 50 100 150 200 250 300
Time (s)

0+ USABAL ABRE RAM RARA RAAR)
0 50 100150200250300350400

Time (s)

0
0 50 100 150 200 250 300
Time (s)

Figure 3. Activation of D1 receptors on MDA-MB-231 cells with 405-nm light. Solid red circle
indicates point of illumination or location of addition of dopamine (1 mM); open red circle
indicates position of fluorescence intensity measurement. Red arrow indicates time of
ilumination with a 100-ms pulse of 405-nm light. Green arrow indicates time of dopamine
addition. (A) Confocal microscopy image of fluorescence output from Fluo-4 before (left) and
after (middle) illumination and (right) brightfield image in the absence of dopamine and CyHQ-
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O-DA. (B) Confocal microscopy image of fluorescence output from Fluo-4 before (left) and after
(middle) addition of dopamine (1 mM) and (right) brightfield image. (C) Confocal microscopy
image of fluorescence output from Fluo-4 before (left) and after (middle) illumination and (right)
brightfield image in the presence of CyHQ-O-DA (1 mM). (D) Fluorescence intensity observed
over time in the absence of dopamine and CyHQ-O-DA. (E) Fluorescence intensity observed
over time with addition of dopamine (1 mM). (F) Fluorescence intensity observed over time in
the presence of CyHQ-O-DA (1 mM).

Photoactivation of dopamine in brain slice

Midbrain dopamine neurons provide an ideal target for testing CyHQ-O-DA in acute brain
slice. Substantia nigra pars compacta neurons express the inhibitory D2 receptor that activates
the G protein-coupled inwardly rectifying potassium (GIRK) channel. These currents can be
measured with whole cell voltage clamp recordings to provide a convenient readout of receptor
activation. When recirculated over the slice (150 uM, 5 mL), flash photolysis of CyHQ-O-DA
produced a robust GIRK-mediated outward current with a rapid activation phase and a slow
decay (Figure 4). The response increased in amplitude and duration when cocaine was added,
as would be expected with an inhibition of dopamine uptake, and all response was blocked with
the addition of the D2 receptor antagonist sulpiride (500 nM).

1 msflash
M 1 ms flash + 3 UM cocaine
1 ms flash + 500 nM sulpiride

200 pA

Figure 4. Activation of D2 receptors on substantia nigra dopamine neurons with 365-nm light.
Blue arrow indicates point of 1-ms flash. In blue is the response with CyHQ-O-DA (150 uM), in
red is the response after the addition of cocaine (3 uM) to inhibit dopamine transport, and in
black is the response after D2 receptors were blocked with sulpiride (500 nM).

The kinetics of the flash response were compared to synaptically released dopamine and
iontophoretically applied dopamine (Figure 5). For medium-strength conditions for
photoactivation (2.5 ms of a 1.8-mW pulse, 50 uM CyHQ-O-DA), picked because stronger
pulses result in slower kinetics, the time the current response took to rise from 10% to 90% of
the peak was 210 ms compared with 141 and 270 ms for synaptically released and
iontophoretically applied dopamine, respectively. Although only the inhibitory post-synaptic
current (IPSC) response was significantly faster than iontophoresis (p = 0.002 one-way ANOVA
with Tukey’s multiple comparison), the kinetics of the photolysis response represented a middle
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point between the two (p = 0.08 photolysis vs. IPSC, p = 0.13 photolysis vs. iontophoresis). The
concentration of dopamine sensed by neurons in synaptic release is thought to be quite high
(10-30 uM) with lower concentrations producing slower rise-time kinetics.' The kinetics of the
photolysis response suggests an upper limit in effective dopamine concentration as lower than
synaptic, but still in the micromolar range. Comparison to iontophoresis concentration is difficult
as iontophoresis pipettes cannot be directly proximal to a neuron.

A B

10% - 90% of peak s
— T Rise time (10-90%)

0.5- *.-x-
M IPsC 0.4+ 5
M Flash photolysis
M lontophoresis = 0.3+
(]
ig 0.24 * o
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0.0 r — :
& & ©
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Figure 5. Kinetic comparison of normalized dopamine responses. (A) Scaled responses to flash
photolysis (2.5 ms, 1.8 mW) of CyHQ-O-DA (50 uM), electrically stimulated dopamine IPSC
(single stimulation), and dopamine iontophoresis (1 M dopamine, 4-nA backing current, 10 ms
of a 100-nA ejection pulse). (B) Rise times from 10% to 90% of peak current as outlined in A.
There was a gradient of speed with the IPSC response being the fastest, then flash photolysis,
then iontophoresis. Though only the IPSC response was significantly faster than iontophoresis
(one-way ANOVA with Tukey’s multiple comparison), the kinetics of the photolysis response
were on the edge of significance on both ends (p = 0.08 vs. IPSC, p = 0.13 vs. iontophoresis).

CyHQ-O-DA was tested for any agonism in the absence of photolysis. A concentration-
response curve was generated for CyHQ-O-DA (Figure 6). CyHQ-O-DA did elicit an outward
current on its own at higher concentrations, but was minimal at working concentrations. The
current produced is unlikely to be due to free dopamine as the addition of sulpiride (1 uM) was
unable to fully reverse the effect (Figure S7). A low concentration of contaminating free
dopamine would be easily blocked by sulpiride, but the data are consistent with a high
concentration of a partial agonist competing with sulpiride.

2
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Concentration of CyHQ-O-DA (uM)

Figure 6. Concentration-response curve for CyHQ-O-DA applied to dopamine neurons in the
absence of photolysis. The current generated from adding CyHQ-O-DA was measured and
normalized to the size of the cell as measured by capacitance in picofarads (pF).

Using a concentration of CyHQ-O-DA on the lower end of the concentration-response
curve (50 uM), a flash-response curve was generated by sequentially increasing the flash
durations and a cocaine concentration to reach maximal response (Figure 7A). Even this lower
concentration of CyHQ-O-DA was able to effectively saturate the response of the cell with a
100-ms light flash. Note that cocaine itself produced a small current due to spontaneously
released dopamine that is no longer being transported, which is consistent with cocaine-induced
cell behavior in the absence of CyHQ-O-DA.*" This current was included in the calculation of
maximum response. To test for stability over time, CyHQ-O-DA was photolyzed once per minute
with a 10-ms flash, which gave a half-maximal response in the flash-response experiment, for
15 minutes with no appreciable decline in response (Figure 7B). This indicates that a relatively
small proportion of CyHQ-O-DA in the 5 mL of recirculating solution was photolyzed to produce
the half-maximal response. This suggests that longer experiments can be feasible particularly
with larger recirculation volumes.
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Figure 7. CyHQ-O-DA is effective at low concentrations. (A) Electrophysiological response of
CyHQ-O-DA (50 uM) when photolyzed by flashes of increased duration. (B) Electrophysiological
response from repeated photolysis of CyHQ-O-DA (50 uM) with 10-ms light flashes every
minute.

Photoactivation of sulpiride in brain slice

One of the uses for a caged antagonist is to probe the dissociation rates of agonists by
measuring the decay constants of receptor signaling following photolysis. To test the properties
of CyHQ-sulpiride with dopamine neurons, dopamine (1 uM) or quinpirole (300 nM) was
recirculated to activate D2 receptors. Following the period of initial application, CyHQ-sulpiride
(5 uM) was added, which induced a small reduction in the D2 receptor dependent current,
indicating a small amount of antagonism for the still-caged sulpiride (Figure S8). For initial tests,
CyHQ-sulpiride was photolyzed with a long flash (1 s) from and LED (6.5 mW) (Figure 8). The
time constant of decay for quinpirole (t = 635 ms) was significantly slower than that of dopamine
(t = 307 ms), which dissociates faster (ko = 1.69 min™)*® than quinpirole (Kot = 0.17 min™)* (p =
0.0011 by t-test, n= 4 and 2 for quinpirole and dopamine, respectively). The amplitude of the
peak response of the agonists were not significantly different, so cannot be considered a
confounding factor.
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Figure 8. Photolysis of CyHQ-sulpiride can rapidly antagonize D2 receptors. Representative
traces of the effects of CyHQ-sulpiride photolysis on currents produced by the D2 receptor
activated by quinpirole (300 nM) or dopamine (1 uM, currents have been scaled for better
comparison of kinetics). The rate of decline for quinpirole was significantly slower for quinpirole
than for dopamine (p = 0.0011, t = 635 and 307 ms, n = 4 and 2 for quinpirole and dopamine,
respectively).

To enable more precise experiments, such as those used for studying dopamine synaptic
biology, we tested the ability of CyHQ-sulpiride to mediate D2 receptor signaling under more
stringent conditions. A single 50-ms light pulse while CyHQ-sulpiride (5 uM) recirculates through
the slice preparation is sufficient to block the dopamine IPSC, consisting of a 10-30 uM local
concentration of dopamine near the receptors (Figure 9). This result and the previously
observed kinetics of the block on the standing currents suggest CyHQ-sulpiride can be used to
probe dopamine synaptic release and receptor signaling with fine temporal precision.
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Figure 9. Short light pulses and CyHQ-sulpiride are effective at blocking synaptic activity. The
baseline IPSC with CyHQ-sulpiride (5 uM) recirculating over the slice is shown in black. The
blue trace shows the complete block of the dopamine IPSC elicited one minute after a single 50-
ms flash of 365-nm light from an LED.

CONCLUSION

Several photoactivatable forms of dopamine and the D2 receptor antagonist sulpiride were
designed, synthesized, and tested for their ability to release their respective payloads through
1PE and 2PE processes. From among the dopamine derivatives prepared in this study, CyHQ-
O-DA possessed the best photochemical properties, releasing dopamine with a quantum yield
of 19-20%, a chemical yield of 61-67%, high sensitivity to 1PE, and modest sensitivity to 2PE.
CyHQ-sulpiride exhibited similar 1PE- and 2PE-mediated photochemical properties. Importantly,
both compounds were extremely stable in neutral aqueous buffer in the dark and could release
their payloads at 405 nm, a laser wavelength typically included in commercially available
confocal microscopes. CyHQ-O-DA mediated the activation of D1 receptors on MDA-MB-231
cells in culture with 405-nm light. In brain slice from the substantia nigra pars compacta, CyHQ-
O-DA mediated the light-activation of D2 receptors on dopamine neurons that closely mimicked
the natural action of dopamine on neurons. The D2 receptor activation from released dopamine
was light-dose dependent and repeated photoactivation could be executed without deterioration
of the response, indicating that experiments of long duration are possible with this tool. CyHQ-
sulpiride had minimal background activity and photolyzed efficiently to rapidly antagonize D2
receptors and enable the measurement of agonist off rates and other elements of dopamine
synapse physiology. These tools will enable more detailed study of dopamine receptors, their
interactions with other GPCRs, and the physiology of dopamine signaling in the brain.

EXPERIMENTAL

Synthesis

General. Reagents and solvents were purchased from commercially readily available sources
and utilized without any further purification. Bruker Avance Il HD 500 or 600 MHz NMR
spectrometer was used to record the '"H NMR and *C NMR spectra. UV-vis spectra were
recorded on a Cary 5000 UV-Vis-NIR spectrophotometer (Agilent). An Agilent Infinity series
system with an autosampler and diode array detector was used for HPLC and uHPLC
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(preparative and analytical) with Zorbax eclipse C-18 reverse phase columns. An Agilent 6540
HD Accurate Mass QTOF/LC-MS with ESI or a Micromass QTOF-Ultima with ESI was used for
recording HRMS. KMOPS buffer was made from 100 mM KCI and 10 mM MOPS titrated to pH
7.2 with KOH. Flash chromatography was performed on an Isolera Spektra 4 with Biotage
SNAP cartridges packed with KPSIL silica.

tert-Butyl (3-((8-cyano-7-(methoxymethoxy)quinolin-2-yl)methoxy)-4-
hydroxyphenethyl)carbamate and tert-Butyl (4-((8-cyano-7-(methoxymethoxy)quinolin-2-
yl)methoxy)-3-hydroxyphenethyl)carbamate (MOM-CyHQ-0O-DA-Boc). MOM-CyHQ-OMs (0.50
g, 1.54 mmol) was dissolved in acetone (20 mL). To the resulting solution, Boc-protected
dopamine (0.39 g, 1.54 mmol) was added followed by cesium carbonate (1.00 g, 3.08 mmol).
The mixture was stirred at room temperature and monitored by uHPLC until completion. The
mixture was concentrated under vacuum and the resulting residue purified over silica gel,
eluting with EtOAc/hexanes (2:3) to yield MOM-CyHQ-O-DA-Boc (mixture of regioisomers) as a
yellow oil (0.48 g, 65%): 'H NMR (600 MHz, chloroform-d, &) 8.23 —8.10 (m, 1H), 7.99 (d, J =
9.2 Hz, 1H), 7.73 (d, d = 8.4 Hz, 1H), 7.57 (d, J = 9.2 Hz, 1H), 7.15 - 6.67 (m, 3H), 5.73 — 5.23
(m, 4H), 3.61 (d, J = 0.9 Hz, 3H), 3.38-3.29 (m, 2H), 2.83 — 2.60 (m, 2H), 1.45 (s, 9H). *C NMR
(151 MHz, methanol-ds, 8) 167.5, 162.1, 147.0, 145.3, 145.1, 144.2, 141.2, 135.4, 127.7, 122.6,
119.9, 119.6, 117.5, 115.4, 115.3, 112.0, 97.0, 89.1, 85.0, 60.9, 53.9, 40.8, 32.6, 26.2; HRMS
(ESI-QTOF) m/z: [M+H]" calcd for C2sH29N30s, 480.2129; found, 480.2130.

2-(4-((8-Cyano-7-hydroxyquinolin-2-yl)methoxy)-3-hydroxyphenyl)ethan-1-aminium 2,2, 2-
trifluoroacetate and 2-(3-((8-Cyano-7-hydroxyquinolin-2-yl)methoxy)-4-hydroxyphenyl)ethan-1-
aminium 2,2, 2-trifluoroacetate (CyHQ-0-DA). MOM-CyHQ-O-DA-Boc (0.50 g, 1.04 mmol) was
dissolved in 1:1 CH2CIlo/TFA (10 mL) and the mixture was stirred for 12 h in the dark. The
progress of the reaction was monitored by LCMS. Upon complete consumption of the starting
materials, the solvents were evaporated. The resulting residue was purified by preparative
HPLC, eluting with a gradient of A and B, where A = 0.1% TFA in water and B = acetonitrile.
The gradient started with 100% A and 0% B and finished with 0% A and 100% B in 12 minutes
to yield the TFA salt of CyHQ-O-DA (10:7 mixture of regioisomers) as a residue on the flask wall
(0.40 g, 85%): Isomer 1: "H NMR (500 MHz, methanol-ds, §) 8.30 (d, J = 8.4 Hz, 1H), 8.05 (d, J
=9.1 Hz, 1H), 7.71 (d, J = 8.4 Hz, 1H), 7.30 (d, J = 9.1 Hz, 2H), 7.08 (d, J = 2.0 Hz, 1H), 6.85
(d, J=8.1 Hz, 1H), 6.75 (dd, J = 8.1, 2.0 Hz, 1H), 5.47 (s, 2H), 3.16 — 3.08 (m, 2H), 2.83 (t, J =
7.8 Hz, 2H); *C NMR (126 MHz, methanol-ds, §) 164.3, 160.4, 146.7, 146.0, 145.7, 137 4,
134.0, 133.9, 130.2, 127.7,121.9, 121.8, 119.5, 118.1, 117.8, 115.9, 114.6, 114.5, 71.6, 40.7,
32.7; Isomer 2: "H NMR (500 MHz, methanol-ds, 8) 8.28 (d, J = 8.5 Hz, 1H), 8.04 (d, J = 8.9 Hz,
1H), 7.67 (d, J = 8.4 Hz, 1H), 7.30 (d, J = 9.1 Hz, 2H), 7.02 (d, J = 8.2 Hz, 1H), 6.81 (d, J = 2.1
Hz, 1H), 6.67 (dd, J = 8.3, 2.2 Hz, 1H), 5.44 (s, 2H), 3.16 — 3.08 (m, 2H), 2.84 (t, J = 7.7 Hz,
2H); *C NMR (126 MHz, methanol-ds, §) 164.3, 160.5, 146.7, 146.0, 145.7, 137.3, 134.0, 133.9,
130.2, 127.7,121.9, 121.8, 119.5, 117.8, 117.7, 116.0, 114.9, 114.7, 71.6, 40.7, 32.7; HRMS
(ESI-QTOF) m/z: [M+H]" calcd for C19H17N303, 336.1343; found, 336.1347.

2,2"-(((4-(2-Aminoethyl)-1,2-phenylene)bis(oxy))bis(methylene))bis(7-hydroxyquinoline-8-
carbonitrile) ((CyHQ)2-0,0-DA). MOM-CyHQ-OMs (0.01 g, 0.03 mmol) was dissolved in
acetone (1 mL) followed by the addition of cesium carbonate (0.02 g, 0.06 mmol) and tert-butyl
(3,4-dihydroxyphenethyl)carbamate (0.004 g, 0.016 mmol). The mixture was stirred for 24 h,
after which time the acetone was evaporated and the remaining residue dissolved in ethyl
acetate (10 mL). The solution was washed with water (10 mL), dried over magnesium sulfate,
filtered, and evaporated. The resulting residue was dissolved in methanol (2 mL) and TMSCI
(0.012 mL, 0.093 mmol) was added to the solution, followed by stirring overnight. The solvent
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was evaporated and the remaining residue was purified by preparative HPLC, eluting with a
gradient of A and B, where A = 0.1% TFA in water and B = acetonitrile. The gradient started
with 100% A and 0% B and finished with 0% A and 100% B in 12 minutes to yield (CyHQ).-O,0-
DA as its TFA salt (0.008 g, 45% over two steps): 'H NMR (500 MHz, methanol-ds, §) 8.17 (dd,
J=8.4,42Hz, 2H), 7.92 (dd, J = 9.0, 3.7 Hz, 2H), 7.64 (dd, J = 8.4, 7.2 Hz, 2H), 7.20 (dd, J =
9.1, 3.2 Hz, 2H), 7.15-7.11 (m, 1H), 7.07 (d, J = 8.2 Hz, 1H), 6.80 (dd, J = 8.2, 2.0 Hz, 1H),
5.40 (s, 2H), 5.36 (s, 2H), 3.10 (dd, J = 8.4, 6.9 Hz, 2H), 2.83 (t, J = 7.6 Hz, 2H); *C NMR (126
MHz, methanol-ds, 8) 164.2, 164.2, 160.4, 160.2, 149.0, 148.4, 147.8, 137.3, 137.2, 137 .1,
134.0, 133.9, 133.8, 130.3, 130.2, 122.0, 121.6, 118.0, 117.8, 117.7, 117.6, 115.5, 114.8, 94.3,
94.2,94.1,72.1,72.0,40.5, 32.6; HRMS (ESI-QTOF) m/z: [M+H]" calculated for C2gH23N504,
518.1823; found, 518.1826.

(8-Cyano-7-(methoxymethoxy)quinolin-2-yl)methyl (3,4-dihydroxyphenethyl)carbamate (MOM-
CyHQ-N-DA). MOM-CyHQ-OH (0.1 g, 0.41 mmol) was dissolved in CH2Cl> (10 mL). To the
resulting solution, 1,1’-carbonyldiimidazole (0.265 g, 1.64 mmol) was added, and the reaction
was stirred until the starting material was completely consumed, as indicated by LCMS analysis.
The solution was washed with water (5 mL) and dried with MgSO., followed by evaporation of
the solvent. The resulting residue was dissolved in DMF (5 mL). In a separate flask,
triethylamine (1 mL) was added to a solution of dopamine-HCI (0.46 g, 2.45 mmol) in DMF (5
mL). The resulting white precipitate dissolved after a few minutes of stirring. After 30 min of
stirring, the previously prepared CyHQ-CDI intermediate was added and the resulting mixture
was stirred for 6 h or until LCMS analysis indicated the complete consumption of starting
materials. The DMF was evaporated and the resulting residue was dissolved in ethyl acetate
(50 mL). The solution was washed with water (30 mL) and evaporated and the remaining
residue was purified by column chromatography (1:1 ethyl acetate/hexane) to give MOM-CyHQ-
N-DA (0.11 g, 65%): '"H NMR (500 MHz, chloroform-d, §) 8.10 (d, J = 8.4 Hz, 1H), 8.01 (s, 1H),
7.94 (d, J=9.2 Hz, 1H), 7.50 (d, J = 9.2 Hz, 1H), 7.33 (d, J = 8.5 Hz, 1H), 6.82 - 6.79 (m, 1H),
6.59 — 6.53 (m, 1H), 5.44 (s, 2H), 5.38 (s, 2H), 3.57 (s, 3H), 3.43 (q, J = 6.3 Hz, 2H), 2.68 (t, J =
6.5 Hz, 2H); *C NMR (126 MHz, chloroform-d, §) 162.8, 160.3, 156.3, 148.2, 144.1, 143.1,
136.9, 133.9, 130.8, 122.7, 120.7, 118.6, 115.8, 115.5, 115.24, 114.5, 99.2, 95.1, 66.7, 56.9,
42.4, 35.3; HRMS (ESI-QTOF) m/z: [M+H]" calculated for C22H21N30s, 424.1509; found,
424.1515.

(8-Cyano-7-hydroxyquinolin-2-yl)methyl (3,4-dihydroxyphenethyl)carbamate (CyHQ-N-DA).
MOM-CyHQ-N-DA (0.10 g, 0.24 mmol) was dissolved in 1:1 CH2CI2/TFA (2 mL) and the mixture
was stirred for 6 h in the dark or LCMS analysis indicated the complete consumption of starting
material. The solvents were evaporated under vacuum, and the resulting residue was purified
over silica gel, eluting with EtOAc/hexanes (2:1) to yield CyHQ-N-DA as a brownish solid (0.063
g, 70%): 'H NMR (500 MHz, methanol-ds, §) 8.23 (d, J = 8.4 Hz, 1H), 7.98 (d, J = 9.0 Hz, 1H),
7.34 (d, J=8.4 Hz, 1H), 7.24 (d, J = 9.0 Hz, 1H), 6.73 — 6.66 (m, 2H), 6.56 (dd, J = 8.0, 2.1 Hz,
1H), 5.34 (s, 2H), 3.36 (d, J = 7.2 Hz, 2H), 2.69 (t, J = 7.3 Hz, 2H); *C NMR (126 MHz,
methanol-ds, 8) 164.1, 160.1, 157.1, 148.2, 144.8, 143.3, 137.3, 133.8, 130.6, 121.5, 119.8,
117.5, 116.9, 115.6, 115.0, 114.7, 94.2, 66.4, 42.3, 35.1; HRMS (ESI-QTOF) m/z: [M+H]"
calculated for C20H17N30s, 380.1241; found, 380.1249.

(8-Cyano-7-hydroxyquinolin-2-yl)methyl (3-((8-cyano-7-hydroxyquinolin-2-yl)methoxy)-3-
hydroxyphenethyl)carbamate and (8-cyano-7-hydroxyquinolin-2-yl)methyl (4-((8-cyano-7-
hydroxyquinolin-2-yl)methoxy)-3-hydroxyphenethyl)carbamate ((CyHQ)z-N,0-DA). MOM-CyHQ-
N-DA (0.02 g, 0.047 mmol) was dissolved acetone (2 mL) followed by the addition of cesium
carbonate (0.03 g, 0.094 mmol) and MOM-CyHQ-OMs (0.015 g, 0.047 mmol). The mixture
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stirred for 24 h, after which time the acetone was evaporated and the remaining residue
dissolved in ethyl acetate (20 mL). The solution was washed with water (10 mL), dried over
magnesium sulfate, filtered, and evaporated. The resulting residue was dissolved in methanol (2
mL) and TMSCI (0.02 mL, 0.141 mmol) was added to the solution, followed by stirring overnight.
The solvent was evaporated and the remaining residue was purified through reverse phase
column chromatography utilizing a gradient of A and B, where A = 0.1% TFA in water and B =
acetonitrile. The gradient started with 100% A and 0% B and finished with 0% A and 100% B in
12 minutes to give the two regioisomers of (CyHQ).-N,O-DA in a 2:1 ratio (0.006 g, 21% over
two steps): Isomer 1: "H NMR (500 MHz, methanol-ds, 8) 8.15 (dd, J = 12.7, 8.4 Hz, 2H), 7.92 (t,
J=9.2 Hz, 2H), 7.58 (d, J = 8.4 Hz, 1H), 7.26 — 7.16 (m, 2H), 7.12 (d, J = 8.4 Hz, 1H), 7.01 (d, J
=1.9 Hz, 1H), 6.85-6.77 (m, 1H), 6.74 (dd, J = 8.1, 1.9 Hz, 1H), 5.39 (s, 2H), 5.26 (s, 2H),
3.37 (t, J = 6.7 Hz, 2H), 2.72 (t, J = 7.1 Hz, 2H); *C NMR (126 MHz, methanol-ds, §) 164.2,
164.1, 164.0, 160.4, 160.1, 157.0, 148.4, 148.2, 146.7, 145.2, 137.2, 137.1, 133.9, 133.8, 130.7,
122.3, 121.5,121.4,119.8, 117.9, 117.4, 116.9, 116.7, 115.5, 115.2, 94.2, 94.1, 71.8, 66.3,

42 .1, 35.0; Isomer 2: "H NMR (500 MHz, methanol-ds, §) 8.22 (d, J = 8.4 Hz, 2H), 7.98 (d, J =
9.1 Hz, 2H), 7.63 (d, J = 8.3 Hz, 1H), 7.34 — 7.29 (m, 1H), 7.26 — 7.16 (m, 2H), 6.93 (d, J = 8.2
Hz, 1H), 6.85 -6.77 (m, 1H), 6.64 (dd, J = 8.3, 2.1 Hz, 1H), 5.41 (s, 2H), 5.30 (s, 2H), 3.37 (t, J
= 6.7 Hz, 2H), 2.72 (t, J = 7.1 Hz, 2H). *C NMR (126 MHz, methanol-d4, 5) 164.2, 164.1, 164.0,
160.7, 160.0, 157.0, 148.3, 148.2, 146.3, 144.9, 137.2, 137.1, 133.9, 133.8, 130.7, 122.3, 121.7,
121.6, 119.8, 117.5, 117.4, 116.3, 114.8, 114.7, 114.2,94.2, 94.1, 71.8, 66.3, 42.0, 35.1; HRMS
(ESI-QTOF) m/z: [M + H]" calcd for C31H23Ns06 562.1726; found 562.1729.

1-((8-cyano-7-hydroxyquinolin-2-yl)methyl)-1-ethyl-2-((2-methoxy-5-
sulfamoylbenzamido)methyl)pyrrolidin-1-ium (CyHQ-Sulpiride) 2,2, 2-trifluoroacetate. MOM-
CyHQ-OMs (0.50 g, 1.54 mmol) was dissolved in acetonitrile (10 mL), and sulpiride (0.53 g,
1.54 mmol) was added. The resulting solution was heated at reflux overnight or LCMS analysis
indicated the complete consumption of starting material. The solvent was evaporated and the
remaining residue was taken up in 1:1 mixture of TFA/CH2Cl, (10 mL) and water (50 uL)
followed by stirring overnight. The solvents were evaporated, and the remaining residue was
purified over silica gel, eluting with EtOAc to yield the TFA salt of CyHQ-sulpiride as a brown
solid (0.69 g, 70%): Disastereomer 1: '"H NMR (500 MHz, methanol-ds, §) 8.39 (d, J = 8.3 Hz,
1H), 8.35 (d, J = 2.5 Hz, 1H), 8.08 (d, J = 9.1 Hz, 1H), 8.01 (dd, J = 8.8, 2.5 Hz, 1H), 7.60 (d, J =
8.3 Hz, 1H), 7.37 (d, J = 9.0 Hz, 1H), 7.27 (d, J = 8.9 Hz, 1H), 5.09 (d, J = 15.1 Hz, 1H), 4.97 (d,
J=15.1 Hz, 1H), 4.65 (q, J = 6.7 Hz, 1H), 4.27 (dd, J = 14.5, 6.4 Hz, 1H), 4.05 (s, 3H), 4.04 —
3.93 (m, 3H), 3.89 — 3.80 (m, 1H), 3.76 (dq, J = 14.1, 7.2 Hz, 1H), 2.59 (ddd, J = 17.7, 8.5, 4.9
Hz, 1H), 2.47 —2.15 (m, 3H), 1.43 (t, J = 7.2 Hz, 3H); *C NMR (126 MHz, methanol-d., §)
165.9, 159.9, 155.9, 152.4, 148.9, 146.7, 138.3, 136.2, 133.9, 131.0, 129.1, 121.8, 121.5, 120.6,
119.4, 115.1, 111.9, 72.7, 60.1, 57.6, 55.8, 48.2, 48.0, 47.9, 38.8, 25.8, 18.7, 7.4; Diastereomer
2: 'H NMR (500 MHz, methanol-ds, §) 8.31 (d, J = 8.2 Hz, 1H), 8.23 (d, J = 2.5 Hz, 1H), 7.99 —
7.91 (m, 2H), 7.60 (d, J = 8.2 Hz, 1H), 7.23 (d, J= 9.1 Hz, 1H), 7.18 (d, J = 8.8 Hz, 1H), 5.09 (d,
J=15.1 Hz, 1H), 4.97 (d, J = 15.1 Hz, 1H), 4.70 — 4.62 (m, 1H), 4.22 — 4.10 (m, 1H), 4.05 (s,
3H), 4.03 — 3.94 (m, 3H), 3.73 — 3.57 (m, 2H), 2.40 — 2.19 (m, 3H), 2.19 - 2.10 (m, 1H), 1.51 (t,
J = 7.2 Hz, 3H). *C NMR (126 MHz, methanol-ds, §) 165.33, 159.88, 152.5, 151.8, 148.9,
140.4, 138.3, 136.2, 133.9, 131.0, 129.3, 122.0, 120.6, 119.4, 117.9, 117.8, 111.8, 72.6, 62.8,
61.2, 55.8,48.2,48.0, 48.0, 38.5, 27.2, 19.9, 8.2; HRMS (ESI-QTOF) m/z: [M — CF3CO3]" calcd
for C2sH30Ns07S 524.1962; found 524.1964.

Photochemistry

The photochemical properties of the CyHQ-protected dopamine derivatives and sulpiride
(dy, chemical yield, 8., and stability in the dark) were measured as previously described.*>47:60.61
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Cell culture
MDA-MB-231 cells were cultured in DMEM with 10% FBS and 1% penicillin/streptomycin in
cell culture flasks at 37 °C and 5% CO..

Calcium dye loading into cells in culture

MDA-MB-231 cells were plated on a 35-mm glass bottom dish one day prior to the
microscopy experiment. Calcium dye (50 ug, Fluo-4 AM, Life Technologies) was dissolved in
DMSO (50 pL). Both Fluo-4 AM and Pluronic F-127 (Molecular Probes) were added to HBSS
resulting in a 0.002% final concentration of each. The mixture was sonicated for 5 min, loaded
onto cells growing in a 35-mm glass bottom dish, and then de-esterified for 30 min in a
humidified CO. incubator (37 °C, 5% CO2). The cell culture media was replaced with HBSS
(1.26 mM CaCl, and 0.5 mM MgCl,-6H,0) and Ca?®* influx experiments were carried out.

Activation of dopamine receptors on cells in culture

Live cell imaging of the MDA-MB-231 cells loaded with Fluo-4 was carried out on an
Olympus FluoView FV1000MPE confocal microscope using a 40X objective (Olympus
UPLSAPO40X2, NA 0.95). Fluo-4 was excited by an argon ion laser at 488 nm and emitted light
was reflected through a 500-600 nm filter from a dichroic mirror. Data capture and extraction
was carried out with FluoView 10-ASW version 4.0 (Olympus), Image J-Fiji, and DeltaGraph
(Red Rock Software). Stock solutions (25 mM) of dopamine and CyHQ-O-DA were prepared in
water and kept in the dark prior to and during use. To initiate the experiments, dopamine (1 mM
final concentration) was added to the culture dish from a pipette or CyHQ-O-DA (1 mM final
concentration) was added to the culture dish from a pipette followed by a 100-ms flash of light
from the 405-nm laser directed near a cell.

Slice electrophysiology

Mice, maintained according to approved protocols at Oregon Health and Science
University, were deeply anesthetized with isoflurane and killed by decapitation. Male and female
C57BL/6J mice between the ages of 60 to 90 days were used. Brains were removed and placed
in warm (30° C) physiologically equivalent saline solution (modified Krebs buffer) containing
NaCl (126 mM), KCI (2.5 mM), MgClz (1.2 mM), CaCl. (2.4 mM), NaH2PO4 (1.4 mM), NaHCOs3
(25 mM), and D-glucose (11 mM) with MK-801 (3 uM), and cut horizontally (222 um) using a
vibrating microtome (Leica). Slices recovered at 30 °C in vials with 95/5% O,/CO- saline with
MK801 (10 uM) for at least 30 min prior to recording. Slices were mounted in the recording
chamber of an upright microscope (Olympus). The temperature was maintained at 34-36 °C and
modified Krebs buffer was perfused over the slices at 1-2 mL/min. Recordings were obtained
with large glass electrodes with a resistance of 1.3-1.9 MQ when filled with an internal solution
containing potassium methanesulfonate (75 mM), NaCl (20 mM), MgCl. (1.5 mM), HEPES
potassium salt (5 mM), ATP (2 mM), GTP (0.2 mM), phosphocreatine (10 mM), and BAPTA
tetrapotassium salt pH 7.35-7.45 (10 mM) at 275-288 mOsm. Cells were voltage clamped at -
60 mV using an Axopatch 200A integrating patch clamp (Axon Instruments). Recordings were
made using Axograph 10 and Chart 5.5. Dopamine neurons were identified by location, size,
firing properties, and response to dopamine.

Dopamine receptor activation experiments on brain slice

CyHQ-O-DA was kept as a stock solution in DMSO (50 mM) and diluted with modified
Krebs buffer to a working concentration of 50-150 uM that recirculated through the tissue
preparation. CyHQ-sulpiride was kept as a stock solution in DMSO (10 mM) and diluted to a 5
MM working solution. A ThorLabs M365LP1-C1 LED was used to photolyze CyHQ compounds
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at 0.5-1.8 mW of 365-nm light for 1-300 ms and 7 mW for 50-1000 ms for CyHQ-O-DA and
CyHQ-sulipride, respectively. Dopamine IPSCs were elicited by a single stimulation (0.5 ms)
from an A360 WPI Stimulus Isolator and a fork electrode placed medially in comparison to the
cell being patched. Dopamine iontophoresis was done using a thin-walled glass electrode (70-
110 MQ) with its tip placed within 10 um of the soma that was filled with 1 M dopamine, which
was kept in place with a 4-nA backing current and ejected with a 10-ms, 100-nA pulse.
lontophoresis was controlled by an Axoclamp-2a amplifier. Dopamine and baclofen for
superperfusion were dissolved in water and kept at 4 °C. Statistical analysis for these
experiments were performed using Prism 7 statistical software to calculate one-way ANOVA
with Tukey correction for multiple comparison or t-tests where applicable.
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