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ABSTRACT: Myriad neuropsychiatric disorders are due to dopamine
dysfunction. However, understanding these disorders is limited by our
ability to measure dopamine storage and release. Fluorescent false
neurotransmitters (FFNs), small-molecule dyes that co-transit through
the synaptic vesicle cycle, have allowed us to image dopamine in cell
culture and acute brain slice, but in vivo microscopy is constrained by
the biopenetrance of light. Here, we adapt FFNs into magnetic
resonance false neurotransmitters (MFNs). The design principles
guiding MFNs are (1) the molecule is a valid false neurotransmitter
and (2) it has a 19F-substituent near a pH-sensing functional group, which (3) has pKa close to 6 so that the probe within vesicles is
protonated. We demonstrate that MFN103 meets these criteria. While a magnetic resonance spectroscopy (MRS) signal was too low
for measurement in vivo with the current technology, in principle, MFNs can quantify neurotransmitters within and without synaptic
vesicles, which may underlie noninvasive in vivo analysis of dopamine neurotransmission.
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■ INTRODUCTION

Dopamine, a small-molecule neurotransmitter, is involved in
motor- and reward-directed behaviors and is implicated in
many neuropsychiatric disorders.1,2 For example, a body of
evidence indicates that schizophrenia is characterized by
increased dopamine storage and release in the striatum,
whereas Parkinson’s disease is typically diagnosed by motor
symptoms that appear when ∼80% percent of striatal
dopaminergic axons have degenerated.3,4 Our understanding
of the progression and mechanisms underlying these diseases is
limited, however, by our ability to image dopamine.5 For
example, detecting dopamine neuron loss via measurement of
dopamine storage and release prior to the emergence of
symptoms would allow for earlier diagnosis and therefore
intervention, as well as a quantitative approach to monitor
disease progress following any intervention.
Dopamine is accumulated and released from synapses via

synaptic vesicles.6 After synthesis from tyrosine by the enzymes
tyrosine hydroxylase (TH) and aromatic L-amino acid
decarboxylase, it is sequestered into synaptic vesicles by the
vesicular monoamine transporter (VMAT2).7 This transporter
operates on a pH gradientexchanging two protons for one
dopamine moleculewhich is established by a vesicular
ATPase (Figure 1B).8,9 The synaptic vesicles fuse with the
plasma membrane to release their content, bathing the
extracellular space in dopamine. From there, dopamine is
transported back into the axon by the dopamine active

transporter (DAT), where it reaccumulates in vesicles.10,11

Dopamine, like other monoamine neurotransmitters including
norepinephrine, activates G protein-coupled receptors rather
than ligand-gated ion channels, a characteristic that has
complicated our understanding and study of dopaminergic
synapses.12 Many tools have been developed recently,
including those based on fluorescence, PET/SPECT (such as
recently approved-for-the-clinic DATSCAN), and MRI modal-
ities, to either directly measure release or indirectly measure
storage, but none achieve quantitative measurement of both
storage and release.13−16 Fluorescent probes such as dLight
and GRABDA protein sensors or the nIRCat nanoparticle
sensor experience a gain in fluorescence intensity in the
presence of dopamine, but these require optical fiber implants
in mice or are limited to cell culture.17−19 An MRI dopamine
sensor based on cytochrome P450BM3his able to sense
dopamine release but, like dLight and GRABDA, requires the
introduction of a protein sensor and only measures dopamine
release.20,21 A small-molecule approach would avoid this
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requirement and has the capacity to measure both storage and
release, and one without requiring ionizing radiation (such as
PET/SPECT tools) would be an invaluable addition tool for
diagnosing and monitoring dopaminergic disease progress and
interventions.
The fluorescent false neurotransmitters (FFNs), developed

by our laboratories, have been useful for imaging both storage
and release in cultured primary neurons, in ex vivo brain slice,
and in vivo. These small-molecule probes operate by hijacking
the synaptic vesicle cycle, serving as DAT and/or VMAT2
substrates (Figure 1); importantly, they do not activate post-
synaptic dopamine receptors, as doing so would make the
potentially high concentrations necessary for imaging intoler-
able in eventual patients.22 An added layer of functionality was
achieved by introducing a pH-sensitive handle to the FFNs,
allowing us to distinguish the probe sequestered in synaptic
vesicleswhich have a low pH established by vATPasefrom
that which is released.23,24 These compounds become brighter
at higher pH, and so, when released from the acidic interior of
the synaptic vesicle (often estimated as ∼ pH 5.6, although the
small volume of a synaptic vesicle would reach this value with
only a single free proton)11 to the relatively neutral pH of
extracellular milieu, there is a rapid fluorescent flash that
indicates exocytosis: we call these compounds f lashing FFNs.23

Recently, we reported the first in vivo use of a flashing FFN
using the pH-sensitive FFN270 in the cortex.24 This was
enabled by FFN270’s preference for uptake by the
norepinephrine transporter over DAT, allowing it to be
imaged in the cortex via a cranial window and an in vivo
two-photon microscopy setup. Due to FFN270’s pH
sensitivity, its release was observed following depolarization
via KCl as well as amphetamine, which has multiple effects on
monoamine neurotransmitters including neutralization of
synaptic vesicle pH.25 Translating in vivo imaging to dopamine
neurons using, for example, the pH-sensitive FFN102 is
complicated because the axons are mostly in deeper brain
structures, and it is presently technically challenging to deliver
fluorescent excitation and small-molecule probes to the same
location.
Therefore, we sought to extend the FFN concept into a

more biopenetrant modality, namely, magnetic resonance
spectroscopy (MRS). MRS is similar to magnetic resonance
imaging (MRI) except that rather than shading each voxel

based on relaxation times, the free induction decay is Fourier-
transformed to produce a spectrum where each peak location,
or chemical shift, is related to that corresponding nucleus’
chemical environment.26,27 MRS is completely analogous to an
organic chemist’s use of NMR and has been used to identify
brain concentrations of common neurotransmitters and
analytes such as glutamate, GABA, and N-acetylaspartate.28,29

Dopamine itself cannot be imaged by MRS due to a low
relative concentration in the brain and a lack of CH3− groups.
Moreover, the proton space is quite crowded in brain MRS,
and detection of exogenous probes can be difficult.
With this in mind, we chose to develop a probe that can be

measured by 19F-MRS. This has several advantages: 19F is
100% abundant in nature but completely absent in the brain;
19F has a gyroscopic ratio of 0.95 relative to protons, making
its signal strength and collection times comparable to protons;
and 19F experiences a wide range of chemical shifts, spanning
over 100 ppm. Although not commonly used, there is a
precedent for 19F-MRS/I, including measuring fluorinated
dopamine in guinea pig neural sacks, a report that followed the
metabolism of 5-fluorouracil into fluoro-β-alanine in a patient
with a liver tumor, and recently, development of a fluorinated
congo red derivative that can detect amyloid beta plaques.30−32

Based on these foundational studies, as well as previous work
with FFNs, we established three criteria to develop magnetic-
resonant false neurotransmitters (MFNs):

1. A small molecule that is a DAT and/or VMAT2
substrate

2. pH-sensitive so that it is protonated in synaptic vesicles
and deprotonated outside so that

3. a nearby fluorine handle experiences a resolvable change
in chemical shift with the corresponding change in pH.

If all three criteria are satisfied, we would expect to observe a
neutral peak when MFN is delivered to the dopamine neurons
that, as it is sequestered into synaptic vesicles, diminishes as an
acidic peak appears. Following stimuli that release dopamine,
we would then expect this to reverse, with the acidic peak
decreasing and the neutral peak increasing.
Here, we report a first example of an MFN, MFN103, which

satisfies these criteria in silico, in vitro, and ex vivo and
demonstrates the general concept of MFNs. We also discuss
obstacles to be overcome for successful application of MFNs in
vivo.

Figure 1. MFN103 schematic. (A) Structures and acid−base equilibrium of MFN103 and the corresponding Hartree−Fock- and DFT-calculated
changes in chemical shift; (B) dopamine’s chemical structure and an illustration of its synaptic vesicle cycle, as well as how false neurotransmitters
hijack this cycle to image dopamine storage and release; and (C) schematic of a dopaminergic synaptic vesicle, demonstrating how vATPase
acidifies the vesicles and VMAT2 uses this proton gradient to accumulate dopamine and FNs.
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■ RESULTS AND DISCUSSION

We recently developed a compound related to FFN102 (see
the Supporting Information section of Lee et al.referred to as
mini103 in that study) that consists of a fluorescent coumarin
scaffold with a 4-ethylamino group (thought to confer VMAT2
specificity), along with 6-hydroxy (imbuing pH sensitivity) and
5-fluoro (to attenuate the pKa) substituents (Figure 1A).

23 The
compound, which we call MFN103 or FFN103 depending on
its use, has a reported log D of −1.98 and a pKa of 5.95.
Ab initio Hartree-Fock calculations were performed as an

initial proof of concept to predict the chemical shifts of the 5-F
nucleus for the protonated (−130 ppm) and deprotonated
(−126 ppm) states of the nearby 6-OH. A change in chemical
shift of +4 ppm was predicted, using a gas-phase calculation
and a limited 6-31 G** basis set. Additionally, BL3YP density
functional theory calculations with the same basis set predicted
a change in chemical shift of +14 ppm.
MFN 103 is a Functional False Neurotransmitter. To

determine whether MFN103 fulfilled criterion #1 and if it is a
substrate for DAT and/or VMAT2, we first tested its uptake in
human embryonic kidney (HEK293) cells that express either
DAT or both VMAT2 and DAT.33 We observed a cell-filled
staining pattern in the cells expressing only DAT and a more

punctate staining pattern for the cells expressing both VMAT2
and DAT (Figure 2A). It is likely that VMAT2 is expressed on
multiple membranes but is only functional on the membranes
of acidic compartments, consistent with the punctate pattern.
We then tested MFN103 in an acute mouse brain slice using

two-photon microscopy in the lateral dorsal striatum, a region
of the brain innervated by dopaminergic axons projecting from
the substantia nigra pars compacta. A mouse line that expresses
green fluorescent protein driven by the TH promoter was used
to determine the degree of colocalization of MFN103 to
dopamine axons.34 As shown in Figure 2B, MFN103 staining
was mostly punctate with some visible strands that represent
axons, a pattern identical to previously reported FFNs.23,35,36

This pattern of label very closely overlapped: based on Costes’
automatic threshold of three slice images from two different
mice, there is a 0.37 ± 0.05 Pearson coefficient (compared to r
= 0.0 ± 0 for a randomized control, p < 0.01) between the
MFN and TH-GFP signals, with 87.1 ± 0.4% of the blue MFN
signal overlapping with the green GFP signal (M2).
Finally, striatal slices from wild-type mice were labeled with

MFN103 following preincubation with nomifensine or
reserpine (Figure 2C), competitive inhibitors of DAT and
VMAT2, respectively. The punctate signal was decreased in

Figure 2. MFN103 is a false neurotransmitter. Two-photon micrographs of (A) HEK293T cells that are WT or expressing DAT and/or VMAT2
incubated with MFN103; (B) acute striatal slices from TH-driven GFP mice incubated in MFN with blue and green channels shown in the gray
scale and a composite to demonstrate colocalization; (C) acute WT mouse striatal slices that were incubated in vehicle alone (CTRL), MFN, or
MFN with nomifensine (NOM) or reserpine (RES), quantified in the bar graphs below for the number of puncta in the field of view and the mean
fluorescence intensity of the tissue. Statistics: error bars represent the standard error of the mean; a Kruskal−Wallis test (non-parametric one-way
ANOVA) was used to test significance, with all means compared to the MFN-only condition; *: p < 0.05, ***: p < 0.001, ****: p < 0.0001, and
n.s.: not significant; and the N for each condition is notated as images (slices)[animals] and each symbol represents an individual image.
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the presence of inhibitors29 ± 5 puncta and 19 ± 5 puncta
for nomifensine and reserpine, respectively, compared to 410
± 80 puncta per field of view. The signal intensity was only
significantly lower in the nomifensine-treated slices and not in
the reserpine-treated mice, consistent with accumulation into
the axons by plasma membrane transport and accumulation
into puncta by synaptic vesicle transport. Together, these data
indicate that uptake into axons is indeed DAT- and VMAT2-
dependent. We conclude from the HEK cell and striatal axon
results data that MFN103 robustly satisfies the first criterion.
MFN103 is pH-Sensitive with a pKa near 6. To analyze

the second criterion that MFN103 is pH-sensitive with a pK in
between the pH of a synaptic vesicle and the cytosolic space,
excitation and emission spectra were acquired in PBS solutions
of varying pH. As shown in Figure 3A, an excitation peak at
360 nm is dominant at basic-to-neutral pH. This peak
decreases with pH as a peak at 330 nm builds in. Plotting
the ratio of fluorescence intensity of these excitation
wavelengthsF360/F330against pH yields a sigmoidal curve
that indicates a pKa of 5.6 ± 0.3. Emission spectra, where the
excitation wavelength is fixed to either 360 nm or 330 nm and
the emission wavelength is swept, show a single peak at 455
nm regardless of excitation; there is a strong relationship

between pH and fluorescent intensity, with neutral and basic
pH demonstrating a nearly eightfold increase in fluorescence at
neutral-basic pH (Figure 3B).
To further test MFN103’s pH sensitivity, the probe was

loaded into the acute mouse striatal slice as abovementioned to
observe MFN release by multiphoton imaging. Release was
induced by electrical stimulation with a concentric bipolar
electrode placed within the tissue. A time series of 2.5 μm z-
stack images were collected, first over a 30 s baseline period,
before a 60 s train of 200 μA pulses was delivered at 10 Hz.
The images were analyzed, with puncta sorted into
“destaining” and “non-destaining” categories and analyzed for
fluorescence intensity over time along with the background
fluorescence intensity: we have previously demonstrated the
presence of presynaptically silent axonal varicosities with
synaptic vesicles in dopamine neuronal cultures, in the acute
slices, and in vivo (see Methods).23,36 As expected, the increase
in fluorescence intensity observed at neutral pH for MFN103
resulted in an increase in background (nonpunctate)
fluorescence upon stimulation, while the puncta themselves
decreased in intensity following an exponential decay, as
previously demonstrated with FFN102 and FFN270. The
destaining puncta showed an exponential decay beginning at

Figure 3. MFN103 is pH-sensitive. (A) Excitation spectrum collected on a fluorimeter (left) and 2P microscope (right) with emission set to 450
and (B) emission spectra with excitation set to 330 nm (left) and 360 nm (right) over a range of pH; (C) 2P image of the acute WT mouse
striatum showing dopaminergic axon staining by MFN103 (left) and graph of fluorescence intensity over time before and during a 10 Hz
stimulation train of both destaining puncta (diamonds) and background (circles); (D) 19F NMR spectra of MFN103 over a range of pH; (E) plot
of the F360/F330 ratio (left) and chemical shifts (right) against pH; the data were fit to a sigmoidal curve and the calculated pKa is shown below;
and (F) 19F NMR spectra of MFN103 over a range of concentrations (left); the absolute integral of each peak was plotted against concentration to
determine the detection limit.

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.1c00580
ACS Chem. Neurosci. 2021, 12, 4546−4553

4549

https://pubs.acs.org/doi/10.1021/acschemneuro.1c00580?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00580?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00580?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00580?fig=fig3&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.1c00580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


30 s that plateaued at a 52 ± 9% decrease in ΔF/F. The non-
destaining puncta showed no change in fluorescence,
indicating a lack of signal bleaching under these conditions,
while the overall signal increases in intensity by 11 ± 2% ΔF/F
following stimulation, consistent with the class of flashing
FFNs. Together with the fluorimeter data, these results
demonstrate a functional pH dependence, satisfying the
second criterion.
MFN103’s pH Sensitivity Translates to 19F-MR. While

we demonstrated that MFN103 is pH-sensitive, the experi-
ments mentioned above do not test whether the fluorine
handle vicinal to the hydroxy group experiences a change in
chemical shift with changes in pH. Solutions of 500 μM
MFN103 were made in Locke’s buffer in a range of pH and
spiked with D2O and the 19F NMR reference sodium
trifluoroacetate, which has a chemical shift of −76.55 ppm.
Trifluoroacetate, which has a pKa of 0.23, was used as a
reference because it remains deprotonated at every pH
tested.37 These solutions were then scanned on a 500 MHz
NMR spectrometer using a proton-decoupled 19F pulse
sequence. Plotting chemical shift against pH reveals that the
signal moves from −139.50 ppm at 9.0 and 7.5 pH to −139.69
at 4.0 and 2.5 pH, forming a sigmoidal curve analogous to the
fluorimeter experiments. Interestingly, at pH 10.5, we see a
chemical shift closer to that of pH 5 than the more basic
solutions. This is likely due to deprotonation of the ethylamine
group at high pH. Indeed, the comparable-in-structure
phenethylamine has a pKa of 9.73, and the deprotonated
structure of MFN103 could be electronically different enough
to cause this change in chemical shift.38 We note that a pH of
10.5 is biologically irrelevant to the dopaminergic system and
was not included when fitting a sigmoidal function to the plot,
which yielded a pKa of MFN103 of 5.1 ± 0.3, in agreement
with the F360/F330 fit. This fulfills criteria number 3, as the
19F handle experiences a 0.5 ppm change in chemical shift
when pH moves from physiological pH 7.5 to the synaptic pH
of 4.5.
MFN103 Does Not Produce a Detectable MR Signal

in Tissue. While the MFN signal can be detected in solution,
we have not been able to record a signal to date in living cells
using NMR, including in PC-12 cells, a cell line derived from a
rat adrenal gland tumor often used to model catecholamine
uptake as they express the peripheral secretory vesicle
monoamine transporter VMAT1 and contain large dense
core chromaffin secretory granules that are analogous to
synaptic vesicles.39,40 We also tested but were not able to
record an MFN signal in DAT-transfected PC-12 cells, DAT-
and/or VMAT2-expressing HEK cells, homogenized brain
slices, or isolated synaptosomes. Our failure to measure an
MFN signal in living cells can be due to at least two factors.
First, there may be insufficient NMR signal to observe in a

500 μL sample. While this could be in principle addressed
using very long scan times (the largest number of scans
attempted was 1024), this is stressful for experiments in cells in
a standard NMR device. To determine the minimum
concentration observable by NMR, using the same media
and the same conditions as the in-cell experiments, we made
solutions of MFN ranging from 32 to 1000 μM. Estimating the
followingthat there are 3 × 104 dopamine molecules per
synaptic vesicle,41 80 vesicles per synapse,42 1 × 105 synapses
per axon,43 2 × 105 dopaminergic axons in the striatum,44 and
a striatal volume of 25 μL45we calculated a striatal dopamine
concentration of 3 mM. Assuming a 10% replacement of

dopamine with MFN (based on previous experiments),23 we
arrived at a final predicted concentration of 300 μM MFN in a
mouse striatum. This concentration is well within the linear
range observed and reported in Figure 3F; however, it is
important to note that this is a conservative estimate, and a
recent report by Peterson et al. suggested concentrations
between 10 and 50 mM might be required for in vivo MRS
detection.46 The authors of that paper suggest that
incorporating a paramagnetic metal into the design of the
probe could increase the sensitivity as well as the magnitude of
the pH-dependent change in chemical shift, which should be
evaluated in future efforts.
Second, the vesicles in which MFN and dopamine

accumulate could be very densely packed, which would
preclude molecules from the ability to freely tumble as
required for the generation of a free induction decay. To test
this hypothesis, PC-12 cells were loaded, washed, resuspended,
and sonicated in the presence of 0.1% Triton before scanning.
Adding a detergent should degrade any membranes, thereby
releasing the contents of any vesicles and allowing them to
freely tumble in solution; however, even with this step, no
signal was resolved, suggesting that the low concentration of
the probe in vivo may be the dominant limiting factor.

■ CONCLUSIONS

As MR technology advances, with stronger magnets, better
probes, and more advanced computing on the horizon, an
MFN approach would be promising, as it could provide a rapid
and noninvasive means to measure changes in monoamine
neurotransmission, which would provide improved diagnosis,
therapy, and understanding of normal function, with wide
applicability to diseases including pheochromocytomas,
Parkinson’s and Huntington’s diseases, schizophrenia, and
affective disorders.
MFN103 is the first small molecule shown to fit the three

criteria that would provide a functional magnetic resonance
dopamine sensor: it is a VMAT2 and DAT substrate, is pH-
sensitive with a pKa ∼6, and has a fluorine handle with a
chemical shift that moves 0.5 ppm from pH 4.5 to pH 7. It is
limited in functionality, however, by the low sensitivity of 19F-
MRS compared to fluorescence or PET, by the small
concentrations in tissue, and by the single-fluorine design of
the molecule. While imaging in larger organs in living
animalsfor example, the brain or adrenal glandsmay
provide a sufficient signal, this will require significant
development, including toxicity studies and specialized MRS
approaches, and may benefit from compounds with an
increased signal.
We conclude that pH-sensitive FFNs can be modified into

MFNs, although their successful measure in cells by resonance
imaging requires further optimization. Future development
might include the synthesis of FN structures with CF3
moieties, which would in theory triple the signal, while more
efficient substrates for VMAT2 might also increase the number
of detectable nuclei in the sample.

■ METHODS
Calculations. 19F NMR chemical shift predictions were made

using Spartan ‘14 (Wavefunction, Inc), molecules were constructed
with the 6-OH group of MFN103 either protonated or deprotonated,
and then, a ground-state calculation was made using Hartree-Fock or
B3LYP density functional theory, each using a 6-31G** basis set, with
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NMR prediction enabled. The Δδ reported is the predicted ppm of
the protonated species subtracted from the deprotonated species.
Two-Photon Imaging. HEK293T cells were cultured according

to standard protocols, with complete medium consisting of
Dulbecco’s modified eagle medium supplemented with 10% fetal
bovine serum, 1× glutamax, and 1× anti-biotic-antimycotic (Gibco |
Thermofisher, Waltham, MA), and kept at 37 °C and 5% CO2 in an
incubator. WT cells were purchased from ATCC (Manassas, VA), and
hDAT and hVMAT2-hDAT cells were a generous gift from Gary
Miller’s lab. Cells were split into 30 mm culture-treated dishes and
grown to ∼80% confluency. On the day of imaging, media was
replaced by 1 mL of fresh media and incubated for at least 1 h.
Another 1 mL of complete media, containing 20−40 μM FN, was
added to the dish (final conc: 10−20 μM) and incubated for 30 min.
The media was aspirated and replaced with imaging media made with
Fluorobrite DMEM (Gibco), which lacks phenol red, and incubated
for 15−30 min to wash out nonspecific labeling. The imaging media
was replaced once more before imaging.
Acute brain slices were prepared essentially as described in

Lieberman et al.47 Briefly, mice underwent cervical dislocation and
the brain was removed and placed in ice-cold high sucrose cutting
solution (in mM): 10 NaCl, 2.5 KCl, 25 NaHCO3, 0.5 CaCl2, 7
MgCl2, 1.25 NaH2PO4, 180 sucrose, and 10 glucose bubbled with
95% O2/5% CO2 to pH 7.4. Brains were mounted on a VT1200
vibratome (Leica Biosystems), and coronal sections (250 μm)
containing the striatum were collected. Slices were moved to holding
jars containing ACSF (in mM): 125 NaCl, 2.5 KCl, 25 NaHCO3, 2
CaCl2, 1 MgCl2, 1.25 NaH2PO4, and 10 glucose bubbled with 95%
O2/5% CO2 at 34 °C for 30 min and then to room temperature for
the duration of experiments. To label with FFNs, slices were moved to
a beaker containing 5 mL of 10 μM FFN103 for 30 min, followed by a
15−30 min wash in ACSF before imaging.
All images were acquired on a Prairie Ultima microscope system

(Middleton, WI) using PrairieView 4.5 software. Acute brain slices
were transferred into a chamber and perfused with oxygenated ACSF
at room temperature; HEK cells were imaged in their respective
dishes. Samples were excited with a Coherent Chameleon Ultra two-
photon laser (Santa Clara, CA) at 760 nm for FFNs or 920 nm for
GFP, and images were simultaneously collected through two
photomultiplier tube channels with corresponding 460 ± 25 and
525 ± 25 nm emission windows. The objective used was a 60 × 0.9
NA or 10 × 0.3 NA water immersion lens, and images were 1024 ×
1024 pixels in size. For stimulation experiments, a 256 × 256 px ROI
was used and 2.5 μm/0.5 μm z-stacks were collected every 5 s.
All data were analyzed in ImageJ (NIH, FIJI build). The JACOP

plugin was used for co-localization calculations,48 and puncta were
selected using the Multiple Thresholds Parameters v3.5 macro.49 For
stimulation experiments, images were registered using Correct 3D
drift plugin and flattened using Z-project, average intensity. Puncta
from the first time point were identified, and an inverse selection was
made to identify and measure the fluorescence intensity of the
background at each time point. Subtract background processing was
applied at 10 px rolling ball, and then, the mean intensity for each
punctum was measured at each time point. ΔF/F was calculated by
averaging the first six time points and normalizing each point to that
average. Each punctum time course was then fit for a delayed
exponential decay function. Puncta were sorted into three categories:
destaining puncta had an exponential decay fit with R2 > 0.6, an X0
parameter between 25 and 30 s, and an asymptote <−0.2 ΔF/F; non-
destaining puncta had a mean ΔF/F within ±5% over the course of
the stimulation; other signals were considered drifting, anomalous, or
nonpunctate and were not included in analysis.
Fluorescence and NMR Spectroscopy. Fluorescence intensity

measurements were made on a SpectraMax M3 plate reader
(Molecular Devices, San Jose, CA) on black opaque 96-well plates
or in quartz cuvettes. NMR experiments were performed on a 500
MHz AV-III scanner (Bruker, Billerica, MA). For the fluorimeter,
samples were made in Locke’s buffer (in mM): 154 NaCl, 5.6 KCl, 3.6
NaHCO3, 2.3 CaCl2, 5 HEPES acid, 5.6 glucose, pH = 7.4. For NMR,
a 1.1× solution of Locke’s was made and then diluted to 1× with 10%

D2O and supplemented with 500 μM NaF3COO. NMR data were
analyzed using MestReNova 14.2. The trifluoroacetate peak was set to
−76.

For in-cell NMR experiments, nonadherent PC-12 cells (ATCC,
Manassas, VA) were cultured in RPMI (ATCC) supplemented with
10% horse serum and 5% FBS (Gibco). Two days before an
experiment, cells were split into T75 flasks at 1 million cells in 15 mL.
Forty-eight hours later, cells were incubated with MFN103 or DMSO
as a negative control for 1 h at 37 °C in 5% CO2 and then spun down
and resuspended them in Locke’s buffer both to remove nonspecific
labeling and to transfer them to a media compatible with fluorescence
or NMR experiments. Both conditions were verified on a fluorimeter
by comparing their fluorescence intensity at 330 nm and 360 nm, with
the MFN-treated cells having a significantly higher fluorescence
intensity at both wavelengths than the DMSO-treated cells. To
analyze the cells by NMR, Locke’s buffer was prepared with 10% D2O
and 500 μM sodium trifluoroacetate to serve as a reference. The cells
were resuspended into 500 μL and then transferred to an NMR tube
and scanned. No signal was observed between −139 and −140 ppm.

Data Analysis and Statistics. All data were organized in
Microsoft Excel and analyzed in Graphpad Prism. All error bars/
bands represent standard error of the mean (SEM). Errors reported
for fits (such as pKa) are reported as 95% confidence intervals.
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