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ABSTRACT: We introduce a novel caged dopamine
compound (RuBi-Dopa) based on ruthenium photochemistry.
RuBi-Dopa has a high uncaging efficiency and can be released
with visible (blue-green) and IR light in a two-photon regime.
We combine two-photon photorelease of RuBi-Dopa with
two-photon calcium imaging for an optical imaging and
manipulation of dendritic spines in living brain slices,
demonstrating that spines can express functional dopamine
receptors. This novel compound allows mapping of functional
dopamine receptors in living brain tissue with exquisite spatial
resolution.
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ysfunction of dopaminergic neurotransmission in the

CNS underlies a variety of neuropsychiatric disorders,
includin3g social phobia,1 Tourette’s syndrome,2 Parkinson’s
disease,” schizophrenia,* neuroleptic malignant syndrome
(NMS),® attention-deficit hyperactivity disorder (ADHD),*’
and drug and alcohol dependence.® Dopamine transmission in
the brain is mediated by a family of G protein-coupled (GPCR)
dopamine receptors named D1 to DS.> The D1 receptor” has
been implicated in motor function,”*° cognition,”’12 and
reward.">'* However, how dopamine receptors modulate
information flow in neuronal circuits, neurons, and synapses
is still poorly understood. In fact, there is no unified agreement
as to how dopaminergic inputs function and even whether they
have an inhibitory or excitatory role on CNS circuits."
Understanding these controversies is fundamental to explain
why dopaminergic inputs selectively target different brain areas,
different neurons, and different postsynaptic sites.

The lack of tools to study dopaminergic inputs with single
synaptic resolution has made it difficult to dissect their role at a
single neuronal/synapse level and to address fundamental
questions on the diversity of dopaminergic inputs and their
interaction with excitatory and inhibitory ones. Thus, to study
the local function of dopaminergic inputs, it would be ideal to
have a highly localized method to activate noninvasively
dopamine receptors with a spatial resolution of the size of
single synapse.

Local activation of receptors in living neurons can be
achieved by two-photon photorelease (uncaging) of caged
compounds,'® since two-photon opto-chemical tools can be
used in highly scattering media, such as brain tissue, and afford
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a spatial resolution of the order of 1 ym.> With two-photon
uncaging, one can control a given neurotransmitter’s physiology
and precisely probe the dendritic (or axonal) tree of a neuron,
mapping its functional inputs. Indeed, two-photon uncaging of
glutamate has revolutionized our current understanding of
excitatory transmission and integration in mammalian
neurons.'” ™% Using a similar strategy, in this paper, we
introduce RuBi-Dopa, the first two-photon caged dopamine
compound based on ruthenium-bipyridine chemistry, and use it
to optically activate dendritic spines.

The complex [Ru(bpy),(PMe;)(Dopa)](PF), (bpy = 2,2/
bipyridine, PMe; = trimethylphosphine) is a crystalline orange
solid synthesized from [Ru(bpy),CL] in two steps (see the
Supporting Information). It is soluble up to S mM in water at
pH = 7 and is stable in solution at 37 °C below pH = 8
(although dopamine can be oxidized by air at higher pH). Its
'"H NMR spectrum shows the 16 characteristic peaks of
bipyridines, corresponding to an asymmetric cis complex and
the aromatic signals of the coordinated dopamine (Figure S1,
see the Supporting Information).

Figure 1 shows the aliphatic portion of its '"H NMR before
(top trace) and after 30 s in situ irradiation (bottom trace) with
a green LED array (4 = 525 nm, 20 nm fwhm, p = 150 mW).
Before irradiation (top trace), the doublet at 0.95, that
corresponds to the coordinated trimethylphosphine (PMe;),
is evident. In addition, the triplets A; and A,, at 3.52 and 2.70
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Figure 1. Structure (inset) and aliphatic section of the 'H NMR
spectra of RuBi-Dopa in D,0 before (top trace) and after (bottom
trace) irradiation into the NMR tube with a 525 nm green LED. The
doublets below 1.2 ppm belong to coordinated trimethylphosphine
(PMe;) in RuBi-Dopa (top trace) and in the aquo-complex formed
after photoreaction (bottom trace). Signals of coordinated dopamine
(B and C) are also apparent. The triplets A; and A,, corresponding to
the coordinated —NH,, disappear after irradiation due to rapid
exchange with D,0. The signals of the free dopamine methylenes (B’
and C’) are indicative of the successful photorelease of the ligand.

ppm, respectively, are characteristic of a coordinated amine
group. The presence of A; and A, in D,O indicates that NH,
cannot exchange protons, and therefore, the ligand is indeed
coordinated through its amine, as is usually the case in Ru-bpy
complexes.”' >

Furthermore, the adjacent methylenes are strongly shifted to
higher fields due to the proximity to Ru?*, and appear as
multiplets (Figure 1, signals B and C at 2.30 and 1.78 ppm,
respectively). After irradiation the compound successfully
photoreleases dopamine. The signals B and C, corresponding
to the coordinated ligand, disappear, and the two methylene
signals of the free dopamine (B’ and C’) appear at 2.77 and
3.13 ppm respectively. Further addition of dopamine confirmed
that the identity of the photoproduct is exclusively this
neurotransmitter, and that ligand degradation did not occur
throughout the photolysis (data not shown). Moreover, in the
aromatic region of the NMR spectra after irradiation, we found
the peaks corresponding to the formed aquo-complex [Ru-
(bpy),(PMe;)(H,0)]** and the rest of the dopamine protons
(Figure S1, see the Supporting Information), further corrob-
orating the irradiation-induced transition from coordinated-to-
free dopamine.

The complex shows the typical metal-to-ligand charge
transfer band ("MLCT) found in all the Ru(II)-bipyridyl
complexes. Irradiation on this band populates the "MLCT state,
which further decays to a MLCT state that can deactivate
through emission, or to a dissociative d-d state that promotes
the loss of monodentate ligands** and the exchange for solvent
molecules. In the case of RuBi-Dopa, the only photoproduct
detected was dopamine (Figure 1 and Figure S1).

The quantum yield of dopamine photouncaging was
measured using UV—vis spectrum analysis of aqueous
solutions. Spectra between 350 and 700 nm were obtained
during irradiation at right angle with a 405 nm laser diode. The
samples were irradiated at open air and not degassed.

The differential amount of products can be calculated with
the following expression:
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where np are the moles of released aquo-complex and
dopamine; I, is the intensity of the laser in Einsteins/s; At
and Ay are the solution’s total absorbance and the reactant’s
absorbance, respectively; and ®@,,, is the photoreaction quantum
yield.

Integration of eq 1 was done by a finite differences method.
In brief, for an experiment lasting about 1000 s, a measurement
every At = 2 s was performed. Introducing the values of
volume, initial concentration of RuBi-Dopa, molar absorptiv-
ities of RuBi-Dopa and its photoproduct and laser power, the
amount of photolized complex were calculated for the first
interval At using eq 1. The new concentration values of RuBi-
Dopa and the generated aquo-complex and their respective
absorbances were obtained using Beer’s law and used to
calculate the next intervals. The photorelease quantum yield
®,, is an adjustable parameter. In this way, not only the initial
slope is used to fit @, but the entire set of data, including those
in which the absorption of the product is important. Figure 2
(inset) shows a subset of the data during photolysis. The
obtained photorelease quantum yield is ®,, = 0.119 + 0.011 (p
< 0.05) at 37 °C and 0.085 + 0.004 (p < 0.05) at 25 °C.
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Figure 2. UV—vis spectra of a 7S yM aqueous solution of RuBi-Dopa
during photolysis at T = 25 °C and pH = 7. Samples were irradiated at
405 nm, and spectra collected from 350 to 700 nm. Inset: quantum
yield calculation using eq 1.

Pinnick and Durham have studied the correlation between
the photorelease quantum yield and the MLCT band maximum
for several Ru-bpy complexes, finding that both parameters are
controlled in a simple way: by the donor ability of the ligands.**
For an MLCT band centered near 450 nm, a @, around 0.1 is
expected, in agreement with our experimental results. Similar
values were obtained using 450 and 532 nm irradiation. With its
molar absorptivity of about 4900 M™' cm™ at 447 nm, the
complex shows very high uncaging sensitivity (¢® > 580) in the
visible light region.

Several complexes of this family have been proved to be
active in a two-photon regime. Thus, in order to determine the
activity of RuBi-Dopa and its two-photon absorption
capabilities, we used a solution of RuBi-Dopa, contained in a
fluorescence cuvette (1 cm optical path), that was irradiated
with an Ti-Sapphire pulsed laser (frequency f = 80 MHz, pulse
width 7 = 100 fs, A = 800 nm, average power = 460 mW) and
focused on the sample with a 10X objective. With this
technique, we found that RuBi-Dopa follows the typical
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behavior of a two-photon absorption process with emission
only at the focal point.

In addition, by using a parametric amplifier (Coherent
Legend Elite, f = 1 kHz, 7 = 120 fs, 4 = 800 nm, average power
730 mW, beam diameter 3 mm fwhm), the instantaneous
power of the pulses (6.1 X 10° W) was sufficient to excite RuBi-
Dopa without any focusing. Under these conditions, the
progress of the photoreaction can be followed from the rather
weak fluorescence emission of RuBi-Dopa at ~630 nm (Figure
3). We measured 18 consecutive times the fluorescence

emission x 1073 (counts)

700 800 900 1000
A/nm

Figure 3. Photolysis of RuBi-Dopa in two-photon regime. A solution
containing 22 mM RuBi-Dopa was irradiated with an amplified Ti-Sa
laser at 800 nm and the photoreaction followed through its emission
band. Inset: time dependence of the emission during photolysis.
Details are given in the text.

emission band of RuBi-Dopa (Figure 3), and the peak emission
at 630 nm used to calculate the time dependence during
photolysis (Figure 3, inset). Being the excitation of RuBi-Dopa
at 800 nm, the emission at much higher energies is indicative
that a nonlinear process is involved. In addition, by varying the
laser power with a reflective filter, to values between 730 and
360 mW, the photolysis rate showed a dependence with the
square of the average power, typical of a two-photon excitation
regime (Figure S2, Supporting Information). On the other
hand, irradiation in the same conditions using a 810 nm, 1.1W
LED (Shenzhen Hanhua Opto Co, HH-1WP2IR12-T) did not
show any photolysis, ruling out the possibility of detectable
linear excitation at this wavelength.

By comparing of the photolysis t,,, of a solution of RuBi-
Dopa with a solution of the analogue complex RuBi-Glutamate,
which is known to present a functional cross section of 0.14
GM at 800 nm,” the same parameter for RuBi-Dopa can be
calculated. If the complex concentration, laser power, and
irradiation volume are kept constant, then the following
expression holds:

glut
= nglut(pglut cllg;a
b2

5y = 024 + 0.04 GM

@)

With the quantum vyield of photorelease of RuBi-glutamate
being somewhat higher than that of RuBi-Dopa,* this result
suggests that the higher functional cross section is due to a
higher two-photon absorption.

Once determined that RuBi-Dopa is active in two-photon
regime, it can be used to perform an optical manipulation of a
3-D neuronal tissue. Using acute coronal slices of mouse
prefrontal cortex, whole-cell patch-clamp recordings from layer
five pyramidal cell somata were performed. Dendritic spines
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(less than 1 um head diameter) from basal dendrites were
selected and placed near or at the center of the microscope
field. Since the activation of D1 receptors can trigger
intracellular Ca®* signals in cortical neurons,” two-photon
imaging of spine Ca*" dynamics were performed, after injecting
into the cell 200 yM of the calcium indicator Fluo-4 in
combination with 200 uM of Alexa-488 to reveal the spine
structure (Figure 4A).
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Figure 4. RuBi-Dopa uncaging onto dendritic spines. (A) RuBi-Dopa
is bath applied to a cortical slice, and a layer five pyramidal neuron is
loaded with 200 M Fluo-4 Ca** indicator and 200 yM Alexa-488.
Scale bar = 1 ym. (B) Experimental configuration: a Ti-Sapphire laser
(820 nm) scans the spine head (at approximately 5—8 mW laser
power on sample) first to monitor basal Ca®* concentrations at the
location marked with a circle in (A) and then moves to a nearby
location (square), where the laser power is increased (to
approximately 25 mW on the sample) to uncage dopamine from
RuBi-Dopa for 4 ms. After uncaging the laser goes back to initial
power and location on the spine head. (C) Spine fluorescent signals
(bottom traces; individual traces in gray (n = 10), average trace in bold
black, and + StEr traces in black) showing a sudden increase of Ca®*
concentration after the two-photon uncaging of dopamine. The middle
trace shows the uncaging pulse. The fluorescent signal detection, by a
photomultiplier tube (PMT), was blocked for a few milliseconds
before, during, and after the uncaging pulse with the use of an ultrafast
shutter (top trace) to prevent potential PMT saturation and errors in
signal detection.

A 300 uM RuBi-Dopa solution was applied to the bath, and a
Ti-Sapphire pulsed laser (Coherent Chameleon Ultra II, f = 80
MHz, 7 = 140 fs) with a high numerical aperture objective
(60%, 0.9NA, water immersion objective) was used at 725 nm
to image the spine and uncover its morphological features. The
wavelength was switched to 820 nm to uncage RuBi-Dopa right
next to the spine head (red dot in Figure 4) and monitor spine
head Ca®* accumulations before and after RuBi-Dopa uncaging
(Figure 4, green dot).

Uncaging experiments were performed in neurons clamped
at a resting potential of —65 mV, and bathed at 37 °C. The
amount of current needed to hold the layer five pyramidal
neurons at this resting potential did not differ before and after
bath application of RuBi-Dopa (data not shown). These results
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suggest that the cell is not affected by the presence of RuBi-
Dopa in the bath. A 4 ms two-photon irradiation pulse right
next to the spine head elicited the release of dopamine from the
RuBi-Dopa complex and a rapid increase in spine Ca®"
concentration in 11 of 13 spines tested (for one responsive
spine, see example in Figure 4), indicating both the successful
photorelease of dopamine and the presence of functional
dopamine receptors on the spine, as suggested by previous
studies of D1 receptor immunoreactivity.”~>* Indeed, addition
of the specific D1 receptor blocker’® SCH 23390, at a
concentration previously shown to be specific for D1 receptors
in these neurons,”" completely blocked the evoked spine Ca**
signals recorded after uncaging of RuBi-Dopa (Figure S3, see
the Supporting Information). Interestingly, in only 2 of the 13
spines tested, no Ca®* signals were observed at the spine head
after the two-photon uncaging of dopamine, suggesting that
some spines in layer five pyramidal neurons may not have
functional dopamine receptors. Simultaneous current clamp
measurements demonstrated that the Ca®" release in the spine
does not induce important voltage changes into the cell soma
(see the Supporting Information for details), and therefore, the
dopaminergic activation of spines would go unnoticed with
electrophysiological techniques.

These results demonstrate the capability of RuBi-Dopa as a
tool for activating single spines, which arises from its two-
photon sensitivity, a characteristic that just a few caged
compounds have. We have performed an optical activation
and functional optical measurement of various spines after two-
photon uncaging of RuBi-Dopa. Our experiments required the
injection of the Ca®" indicator via the recording patch electrode.
Thus, in order to perform a full-optical functional mapping of
dopaminergic transmission at a single spine level, one could
combine the use of RuBi-Dopa uncaging and a neuronal-
specific genetically encoded calcium indicator (e.g, GCaMP).
By using these techniques, it is possible to bypass the invasive
characteristics of standard electrophysiological techniques.

At the concentration of RuBi-Dopa used in this study, we did
not observe any morphological or functional deleterious effect
in the spine functional and morphological characteristics
(marked by the reliability of the calcium responses) nor any
damage of the spine head after two-photon uncaging of RuBi-
Dopa. The lack of acute phototoxicity at the cellular and single
spine level could be due to the fact that no radicals are
generated in the photoreaction of RuBi-Dopa, since the Ru—N
bond is cleaved heterolytically, yielding two entire molecules.
However, we cannot completely rule out a potential toxicity
effect in experiments at longer time courses.

In conclusion, we have developed a caged dopamine (RuBi-
Dopa), a novel tool for opto-manipulation and investigation of
dopaminergic transmission of a subcellular neuronal entity, a
single dendritic spine, with high spatial and temporal resolution
by means of two-photon uncaging. Chemically, to our
knowledge, this is the first design of a two-photon active
caged dopamine. Biologically, this is the first proof of principle
that dopamine can be released with two-photon precision in
single dendritic spines, the main receptacles of excitatory
information in the brain, and generate a local Ca®* response.
This novel compound together with state-of-the-art techniques
such as two-photon excitation and calcium imaging allows the
mapping of functional dopamine receptors in brain tissue with
exquisite spatial resolution in a noninvasive way.
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Synthesis of the complex, '"H NMR spectra during photolysis,
and additional neurophysiological data. This material is
available free of charge via the Internet at http://pubs.acs.org.
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