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Introduction

Abstract. Microscopy methods used to measure Forster resonance energy transfer (FRET) between fluores-
cently labeled proteins can provide information on protein interactions in cells. However, these methods are
diffraction-limited, thus do not enable the resolution of the nanodomains in which such interactions occur in
cells. To overcome this limitation, we assess FRET with an imaging system combining fluorescence lifetime
imaging microscopy with stimulated emission depletion, termed fluorescence lifetime imaging nanoscopy
(FLIN). The resulting FRET-FLIN approach utilizes immunolabeling of proteins in fixed cultured neurons. We
demonstrate the capacity to discriminate nanoclusters of synaptic proteins exhibiting variable degrees of inter-
actions with labeled binding partners inside dendritic spines of hippocampal neurons. This method enables the

investigation of FRET within nanodomains of cells, approaching the scale of molecular signaling. © The Authors.
Published by SPIE under a Creative Commons Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part requires full
attribution of the original publication, including its DOI. [DOI: 10.1117/1.NPh.6.1.015002]
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and reversible saturable optical linear fluorescence transitions

To understand cell signaling at the molecular level, the capacity
to monitor and resolve molecular interactions at their scale
is mandatory. Forster resonance energy transfer (FRET), a
physical nonradiative process that occurs between an excited
fluorophore (donor) and another fluorophore (acceptor), can
be measured to evaluate molecular proximity. Combined to
molecular spectroscopy or optical imaging techniques, it allows
accurate distance measurements between interacting molecules
at the nanoscale (<10 nm). Fluorescence lifetime imaging
microscopy (FLIM) provides a sensitive approach to measure
FRET, by quantifying the decrease in the lifetime of the
donor fluorophore when an acceptor fluorophore is within
~10 nm."? FRET-FLIM allow spatial distribution measure-
ments of molecule ensembles within several structural states;
however, the conventional microscopy methods used for FLIM
are diffraction-limited, limiting the resolution of these measure-
ments. Single-molecule FRET is a well-established method
to study single protein conformation and dynamics.>> FRET-
FLIM measurements combined with single-molecule micros-
copy were successfully implemented.® FRET-FLIM was also
combined with structured illumination microscopy.’

Optical nanoscopy methods that overcome the diffraction
barrier such as stimulated emission depletion (STED)? allow
precise characterization of the spatial distribution and organiza-
tion of cellular nanodomains. FLIM has been successfully com-
bined with STED nanoscopy in fixed biological samples’"

*Address all correspondence to Paul De Koninck, E-mail: paul.dekoninck@
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(RESOLFT) for live-cell imaging.'

In this study, we evaluated the benefits of performing
FRET with fluorescence lifetime imaging nanoscopy (FRET-
FLIN) over FRET-FLIM, using simulation, and compared dif-
ferent fluorescence lifetime analysis approaches. We performed
FRET-FLIN on a custom-built STED microscope to spatially
resolve protein interactions at the nanoscale in dendritic spines
of cultured hippocampal neurons. Dendritic spines are 0.5 to
2 pym in size; they decorate dendrites and constitute the main
sites of excitatory synapses on neurons. The proteins that par-
ticipate in synaptic transmission in dendritic spines are densely
packed, forming the postsynaptic density (PSD). To label puta-
tively interacting proteins with donor and acceptor dyes, inside
spines, we used an immunocytochemistry-based approach.
Our results demonstrate the capacity of FRET-FLIN to observe
signaling in nanoclusters of proteins. It can discriminate the
extent of interaction that distinct synaptic receptor nanoclusters
have with labeled protein partners, inside dendritic spines of
hippocampal neurons.

2 Results

2.1 FLIN Microscope System

We built a STED microscope with additional time-correlated
single-photon counting (TCSPC) capacity to perform FRET-
FLIN measurements in cultured hippocampal neurons
(Sec. 4).%131% This system could perform STED imaging of
ATTO 594 and confocal imaging of ATTO 647N. In STED
nanoscopy, the resolution is improved using a donut-shaped
depletion beam that typically lasts a few hundreds of pico-
seconds to ensure optimal depletion of the fluorescence
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surrounding the center of the point spread function. However,
for FLIN, considering the fluorescence lifetime of organic dyes
or fluorescent proteins (1 to 5 ns), keeping the pulse length
short, increases the reliability of lifetime quantification. We,
therefore, opted for a 150-ps excitation and depletion pulses.
To characterize the resolution of our STED microscope, we
measured the full width at half maximum (FWHM) on single
clusters of the neuronal glutamate receptor GluN2B and
antibody clusters on a glass coverslip. We could resolve nano-
clusters well below the diffraction limit with a mean FWHM of
73.3 nm (STD 13.7 nm) for GluN2B and 66.9 nm (STD
11.0 nm) for antibody clusters (Sec. 4).

A critical requirement for fluorescence lifetime measure-
ments is to collect sufficient photons per pixel to generate
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precise fitting statistics on the lifetime of the fluorophores.'

Inherent to a smaller PSF, FLIN will collect much less photons
compared with FLIM. A strategy to obtain sufficient photons is
to apply spatial binning. With our experimental settings (binning
of 2), we collected around 14,000 photons in FLIM mode and
1000 in FLIN mode (Sec. 5). We combined the FLIN signal
(pixel size of 48 X 48 nm) with the STED intensity images
(pixel size of 24 X 24 nm) generating intensity-weighted life-
time images. Considering the recording times of several minutes
necessary to obtain a sufficient number of photons, we per-
formed FRET-FLIN on fixed neurons immunolabeled against
the proteins of interest.'®!” This prevented live cell protein
mobility and interaction variations during single-photon count-
ing to blur the recorded FRET and intensity signals.
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Fig. 1 Simulations of fluorescence lifetime imaging and analysis with diffraction-limited resolution
(250 nm; FLIM) or subdiffraction-limited resolution (50 nm; FLIN). (a) Simulated image of randomly posi-
tioned fluorescent molecules inside a dendritic spine shape (2.8 x 2.0 xm) with a lifetime of 3.2 ns (donor
alone) and 2.7 ns (corresponding to 15% FRET efficiency). (b and c) Simulated confocal (b) and STED
(c) intensity image of the molecule distribution showed in (a) (FWHM of the simulated PSFs: 250 nm for
confocal and 50 nm for STED). (d and e) Simulated FLIM (d) and FLIN (e) intensity-weighted lifetime
image obtained by the multiplication of the color-coded lifetime image and the simulated intensity images
showed in (b) and (c), respectively. (f) Lifetime distributions for the images showed in (d and e).
(9) Relative mean error (+standard deviation, light color) for the fitting algorithms least square (LS), maxi-
mum likelihood (MLE), and mean time of photon arrival (MT). (h) Relationship between simulated and
ground truth values of FRET efficiency, in the presence of imposed levels of Erget, using the MT (red),
corrected MT (dash red) or MLE (blue) analysis (standard deviation indicated by the error bars).
Simulated Erger is indicated by the dashed black line (correlation of 1.0).
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2.2 Simulations: FRET-FLIM versus FRET-FLIN

We used simulations to evaluate the benefits of FRET-FLIN over
FRET-FLIM, as well as the optimal parameters to use for analy-
sis. The simulation of the fluorescence lifetime dynamics was
based on the fluorescence rate equations (see Sec. 5.1). We
simulated results with a (i) FLIM configuration on a diffraction
limited confocal microscope (PSF 250 nm) and a (ii) FLIN con-
figuration on a super-resolution STED microscope (PSF 50 nm).
We randomly positioned donor fluorescent molecules without
FRET interaction (lifetime of 3.2 ns) or with a FRET efficiency
of 15% (lifetime of 2.7 ns) (see Fig. 1 and Sec. 5). FLIM would
generate a blurry heat map image of lifetimes in the spine
[Fig. 1(d)], as we have observed experimentally.'® FLIN
would allow to resolve various lifetimes across different nano-
clusters [Fig. 1(e)]. As Fig. 1(f) indicates, a wider range of life-
times can be discriminated with FLIN compared to FLIM, due
to the averaging that the lower resolution imposes in FLIM.
We explored with simulations the various methods to analyze
fluorescence lifetime with limited photons available, inherent to
a smaller PSF, and in the presence of FRET (see Sec. 5). To
analyze the lifetime measurements, the accuracy of a commonly
used method in commercial systems, the least square fit
(LS),"?° dropped dramatically with <3000 photons, introducing
systematic errors [Fig. 1(g)].>! With low photon counts, the
mean photon arrival time (MT) approach!'®?>? provides a low

(a)

ATTO 647N

—
O
-

Intensity

—
(¢)
-~

Lifetime

23ns I, 32 ns 2.3 ns I

relative error [Fig. 1(g)], but when applied to FRET-FLIM
analysis, an increasing systematic error is introduced with
increasing FRET efficiency [Fig. 1(h)]. This effect can be related
to the single-component lifetime assumption made in MT analy-
sis, while FRET introduces a multicomponent lifetime.>** Thus,
analysis using MT would underestimate the level of FRET,
unless a linear correction is applied based on our simulations.
The maximum likelihood fit (MLE),***' which is a well-
established method for STED-FLIM analysis,m’lz*zs’26 do not
introduce systematic errors related to FRET efficiency?' with
a similar relative error but generated a slightly higher standard
deviation with <3000 photons [Fig. 1(g)]. Based on these sim-
ulations, which emphasize the impact of fluorescence lifetime
analysis method with limited photon collection, we chose the
MLE method for FLIN data analysis, as it provides reasonable
accuracy under low photon count, without the need to correct
for a systematic error.

2.3 FRET-FLIN to Resolve FRET in Nanoclusters

To test whether we could measure FRET with FLIN in nanoclus-
ters of immunolabeled proteins, we chose a protein complex,
aCaMKII, made of 12 similar subunits (forming a holoenzyme
of two opposed hexamers). Each subunit should be within
approximately 5 nm to each other inside a CaMKII hexamer,
or ~8 nm between opposing subunits on separate hexamers.?’
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Fig.2 FRET-FLIN onimmunolabeled CaMKII nanoclusters. (a) Cartoons of xCaMKIl labeled with mouse
anti-aCaMKII and (left) GAM-ATTO 594 (donor alone) or (right) GAM-ATTO 594 and GAM-ATTO 647N
(donor + acceptor). (b) Confocal and STED intensity images of aCaMKI| in dendritic segments of cultured
hippocampal neuron with (left) donor alone or (right) donor + acceptor. (c) FLIM and FLIN intensity
weighted lifetime of «aCaMKII labeled with (left) the donor alone or (right) donor + acceptor. White arrows
in the zoomed insets indicate the position of nanoclusters. Green arrows show dendritic spines. Scale
bars: insets 250 nm, main images 1 um. Colorbar: 2.3 ns (red, high FRET efficiency) to 3.2 ns (blue, low
FRET efficiency). (d) Fluorescence lifetime in nanoclusters of aCaMKIl labeled with donor alone
(3108 ps, IQR = 418 ps, n = 1872 clusters, six neurons) or donor + acceptor showing a clear reduction
of the measured lifetime in the presence of acceptor due to FRET (2442 ps, IQR = 330 ps, n = 1531
clusters, seven neurons) (p < 0.001). The box plots here and thereon indicate first and third quartile
(box edges), the median (red line), and the min/max values (whiskers).
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aCaMKII was immunolabeled with a well-characterized mon-
oclonal antibody that binds to the regulatory domain of the kin-
ase,”® which should be positioned ~6.6 nm apart on neighboring
subunits.?’ Equal concentrations of donor (ATTO 594) and
acceptor (ATTO 647N) secondary antibody were added
[Fig 2(a)]. We expected this labeling configuration to yield
strong FRET given the proximity of the donor and acceptor
labeled secondary antibodies. With STED, we observed nano-
clusters of immunolabeled aCaMKII in spines and dendrites
[Fig. 2(b)]. In the presence of the acceptor, FLIN measurements
yielded a fluorescence lifetime around 2.4 ns in single nanoclus-
ters, which is significantly shorter compared with the control
experiment with donor alone (3.1 ns). This corresponds to an
averaged FRET efficiency of 21.4%. These results indicate
that immunostaining can be applied with FLIN to measure
FRET inside protein nanoclusters. Analysis of these FLIN
measurements with MT, by comparison with MLE, yielded
a smaller difference, similar to that predicted by our simulations
(Sec. 5.3 and Fig. 3).

We next tested whether our approach can discriminate the
proximity of two labels that are within close or distal FRET
range in a dendritic spine. For these experiments, we immuno-
labeled two NMDA receptor subunits (GluN1 and GIuN2B),
which are part of the same tetrameric receptor (2:2 ratio).”’ We
used recombinant tagged subunits (GluN1-GFP and GluN2B-
HA) to ensure specificity of the antibody recognition and to
control epitope location [Figs. 4(a) and 4(b)]. Despite its
larger size, GFP has been used as a tag on glutamate receptor
subunits before, without interference on receptor expression and
assembly.'3%3! We first coexpressed GluN1-GFP and GluN2B-
HA, both tags being on the c-terminus of the receptor subunits at
the intracellular side of the plasma membrane, to evaluate the
performance of our method when significant FRET is expected
[Fig. 4(b)]. We also coexpressed untagged GIuN1 and GFP-
GIluN2B-HA constructs, with the GFP tag being extracellular
and the HA-tag intracellular, to assess the performance of our
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Fig. 3 Comparison between the MT and MLE analysis for the experi-
ment shown in Fig. 2. (a) Cartoons of aCaMKII labeled with mouse
anti-aCaMKIl and (i) GAM-ATTO 594 (donor alone, left) or
(i) GAM-ATTO 594 and GAM-ATTO 647N (donor + acceptor,
right). (b) Lifetime distributions of the dataset from Fig. 2 analyzed
using the MT of photon arrival or MLE. Note the increased variability
of the fluorescence lifetime values when analyzed with MLE com-
pared with MT, while the medians are slightly more separated
when analyzed with MLE, as predicted by our simulation (Fig. 1).
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approach when low FRET efficiency is expected [Fig. 4(a)].
We fixed the neurons with methanol and immunostained with
the same pairs of primary (anti-HA and anti-GFP) and secon-
dary (ATTO 594 and ATTO 647N) antibodies. We measured
a median FRET efficiency of 3.2% (IQR = 11.1%) in nanoclus-
ters inside spines when both tags were on opposite sides of the
receptor (GFP-GluN2B-HA). The small level of measured
Erger may reflect the fact that the epitopes on both ends of
the GluN2B are <10 nm apart. However, the distance uncer-
tainty caused by primary/secondary antibody labeling may
lead to some FRET, even if the epitopes are slightly more
than 10 nm away. Nevertheless, the fluorescence lifetime of
the donor + acceptor was not significantly different compared
with donor alone (Sec. 5.3 and Fig. 12). It should be noted
that the plasma membrane should have little impact on
FRET, as it is largely dissolved by the methanol fixation. In con-
trast, for the GIuN1-GFP/GIuN2B-HA pair, where both tags are
on the same side of the tetrameric receptor, the median FRET
efficiency was significantly larger (9.5%, IQR = 9.8%) [Figs. 4
(b) and 4(c)]. These results indicate that our immuno-FRET-
FLIN approach can discriminate proximity of labels that are
within short distances inside the FRET range.

2.4 Monitoring CaMKIl Signaling at the Nanoscale

To assess the reliability of this approach to characterize different
levels of signaling activity, we measured the changes in
aCaMKII T286 phosphorylation using a double immunostain-
ing of aCaMKII (ATTO 594-Donor) and phosphoT286-
aCaMKII (ATTO 647N-Acceptor) [Fig. 5(a)]. Neurons were
fixed with or without prior bath application of a solution lacking
Mg?*, containing glycine and picrotoxin (used to induce chemi-
cal long-term potentiation or cLTP).> The rationale for this
experiment was to examine whether aCaMKII autophosphory-
lation, expected to occur upon cLTP stimulation,®” could be
detected and localized in «CaMKII nanoclusters via FRET-
FLIN. If so, we expect higher levels of FRET on aCaMKII
nanoclusters that include phosphorylated aCaMKII subunits.
To set a baseline level of FRET, we incubated the neurons
with NMDA receptor blocker APS, to reduce aCaMKII phos-
phorylation at T286.*> Under these conditions, the median
FRET efficiency in aCaMKII nanoclusters was 3.5% (IQR
12.1) [Fig. 5(b)]. Under these conditions, the fluorescence life-
time was significantly lower to that of the donor alone (Sec. 5.3
and Fig. 12), consistent with some binding of antiphosphoT286
antibody under basal condition. After cLTP stimulation, the
median FRET efficiency significantly increased to 5.2% (IQR
8.4), consistent with additional autophosphorylated aCaMKII.
After 10-min wash in AP5 poststimulation [Fig. 5(a), 10-min
post-cLTP], the median FRET efficiency dropped to 4.1%
(IQR 11.3). These results indicate that immuno-FRET-FLIN
can reveal changes of phosphorylation level in nanoclusters
of proteins inside a single dendritic spine.

2.5 Monitoring Interactions of aCaMKIl with
GIuN2B Nanoclusters in Dendritic Spines

We further tested if our method could be applied to measure
the levels of interaction between two different proteins. Several
reports have shown that aCaMKII can interact with the c-tail of
the NMDA receptor subunit GIuN2B, and that this interaction
is promoted by neuronal activity.*>*” For this purpose, we
immunostained GluN2B with a rabbit antibody targeting its
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Fig. 4 Assessment of FRET-FLIN sensitivity by dual immunolabeling of NMDA receptor subunits with
proximal and distal epitopes. (a, b) Two immunolabeling configurations of NMDA receptors with both the
donor (anti-HA/ATTO 594) and acceptor (anti-GFP/ATTO 647N) on (a) opposite side of the plasma mem-
brane (GFP-GIuN2B-HA) or (b) on the same side of the plasma membrane (GluN1-GFP and GluN2B-
HA). Confocal and STED images of dendritic spines (top gray scale images) and corresponding intensity-
weighted lifetime images of FRET efficiencies shown with FLIM and FLIN (bottom images, color map
from 0% to 18.5% FRET efficiency). (c) The median FRET efficiency per spine cluster for the configu-
ration in (b) (9.5%, IQR = 9.8%, n = 81 clusters, five neurons) is significantly higher compared to that in
(@) (8.2%, IQR = 11.1%, n = 69 clusters, five neurons) (p = 0.003), indicating that FLIN can discriminate
FRET levels between the donor and acceptor located either on the intracellular c-tails of the receptor or
on opposite ends of the receptor.
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Fig. 5 Assessment of changes in CaMKIIl autophosphorylation by FRET-FLIN. (a) Double immunolab-
eling of anti-aCaMKII/ATTO 594 and anti-pT286-CaMKII/ATTO 647N (top cartoon). Bottom: Distribution
of FRET efficiencies per nanocluster, representing T286 phosphorylation in aCaMKIl, as shown in (b),
for no stimulation (5 min preincubation in AP5) (3.5%, IQR = 12.1%, n = 199 clusters, three neurons),
cLTP (5 min in 0 Mg?* /glycine/picrotoxin) (5.2 %, IQR = 8.4%, n =280 clusters, four neurons),
and post-cLTP (10 min in AP5) (4.1%, IQR = 11.3%, n = 160 clusters, four neurons) conditions. The
data reveal heterogeneity in CaMKII autophosphorylation inside spines, with a significant increase of
eFRET upon cLTP stimulation, compared with no stimulation condition (p = 0.03) and a patrtial revers-
ibility upon washout (p = 0.63). (b) Top row: representative images of dendritic spines for the indicated
conditions, taken with STED. Botton row: corresponding intensity weighted FLIN images showing
FRET efficiencies in nanoclusters of CaMKII.
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Fig. 6 Assessment of CaMKIl interaction with NMDA receptor nanoclusters in dendritic spines.
(a) Double immunolabeling configuration of aCaMKIl with mouse anti-aCaMKIl/GaM-ATTO 647N
and rabbit anti-GluN2B/GaR-ATTO 594 (top cartoon). (b) Confocal and STED images of dendritic spines
(top images) and corresponding intensity weighted color-coded images of FRET efficiencies (bottom
images) shown with FLIM and FLIN, in the indicated conditions (preincubated in AP5 or after cLTP stimu-
lation). (c) The distribution of FRET efficiencies over all pixels indicates a wider distribution of lifetimes in
FLIN compared to FLIM. (d) The median FRET efficiencies per spine cluster was significantly higher in
cLTP (7.5%, IQR = 8.9%, n =219 clusters, four neurons), compared to the AP5 condition (6.1%,
IQR = 8.0%, n = 320 clusters, eight neurons) (p = 0.04).

C-terminus (ATTO 594-Donor) and aCaMKII (ATTO 647N-
Acceptor) with a mouse antibody [Fig. 6(a)]. With FLIN, but
not with FLIM, we could measure variable degrees of FRET
in resolved nanoclusters inside a single spine [Fig. 6(b)].
This is characterized by a wider distribution of Egggy for the
FLIN images [Fig. 6(c), STDg i 8.61% and STDg iy
10.01%], which can be explained by fluorescence lifetime aver-
aging in FLIM due to lower resolution. Under these conditions,
the fluorescence lifetime was significantly lower to that of the
donor alone (Sec. 5.3 and Fig. 12), suggesting basal binding of
CaMKII to GluN2B. In dendritic spines exposed to a cLTP
stimulus, we observed a 15% increase of FRET efficiency in
GluN2B nanoclusters compared with dendritic spines incubated
in AP5 [Fig. 6(d)]. These results indicate that our FRET-FLIN
method can provide subspine distribution of interactions
between a synaptic receptor and a binding partner.

2.6 Association of AMPA Receptors with Stargazin

As a final test case, we examined the association of stargazin
with the AMPA receptor on the surface membrane of dendritic
spines. The trafficking of AMPA receptors to synapses has been
shown to critically depend on its auxiliary subunit stargazin.***?
Interestingly, recent evidence indicated that AMPA receptors
may dissociate from stargazin to exit the synapse.*> We, thus,
aimed to label surface AMPAR and stargazin to examine
whether their interaction varies across different compartments
on the membrane. We cotransfected neurons with GFP-GluA1
and HA-stargazin and performed immunolabeling in non-
permeabilized neurons to reveal only surface receptors, using
anti-GFP (ATTO 594) and anti-HA (ATTO 647N) [Fig. 7(a)].
STED nanoscopy revealed resolvable clusters of GFP-GluA1l
throughout the dendritic membranes [Fig. 7(c)].**® Figure 7(b)
shows the confocal image from HA-stargazin (red) overlaid with
the STED image of GFP-GluA1l (green). FLIN revealed that
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a significant fraction of GFP-GluAl nanoclusters exhibited
some degree of interaction with HA-stargazin (Sec. 5.3 and
Fig. 12). Meanwhile, FRET-FLIN analysis revealed a higher
levels of FRET on dendritic spine membrane compared with
the dendritic shaft [Figs. 7(e) and 7(f)]. These results suggest
that extrasynaptic AMPA receptors are less associated with
stargazin, compared to synaptic ones.*’

3 Discussion

We demonstrate here the possibility to resolve FRET inter-
actions inside nanoscale protein clusters in fixed neurons,
using immunocytochemistry, STED nanoscopy, and fluores-
cence lifetime imaging. This demonstration was possible by
the successful combination of STED and FLIM applied to
FRET measurements. For cellular structures as small as den-
dritic spines, the capacity to resolve local protein interactions
is essential to understand synaptic function.

While FRET provides information on protein interaction,
when measured with confocal microscopy, it lacks the spatial
resolution to provide information on the precise nanodomain
where the interaction occurs. Combining STED with FRET
overcomes this limitation. The combination of super-resolution
with FRET has, thus far, been very limited. Gorlitz et al. devel-
oped a method in which they overlaid diffraction-limited FRET-
FLIM images, collected with time-gated wide-field imaging,
on structured illumination intensity images of ~120-nm lateral
resolution. Winkler et al.’ used a single-molecule imaging
method (universal-point-accumulation-in-the-nanoscale-topog-
raphy or uPAINT) to evaluate epidermal growth factor receptor
dimerization. The labeling method used in uPAINT limits FRET
measurements to plasma membrane proteins.

STED and FLIM have already been combined to facilitate
multicolor imaging or to monitor the depletion process.'**>#’
FLIM has been shown to be a robust approach to quantify
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Fig. 7 Levels of association between AMPA receptors and stargazin in spines and dendrites. (a) Double
immunolabeling configuration of GFP-GIuA1 with mouse anti-GFP/GaM-ATTO 594 (Donor) and HA-
stargazin with rat anti-HA/GaR-ATTO 647N (Acceptor). (b) STED image of GFP-GIuA1 (Donor) and con-
focal (Conf.) image of HA-Stargazin (Acceptor) on a transfected dendrite and an inset showing a dendritic
spine. (c) STED raw intensity image of the donor showing GluA1 nanoclusters in spines and dendrites.
(d) Corresponding deconvolved image of that showed in (c) (Richardson-Lucy deconvolution, simulated
PSF of 60 nm FWHM). (e) Intensity-weighted FLIN image of the deconvolved image in (d) depicting
higher FRET level in spines (white arrows) compared to dendrites. Inset: crop of one spine showing
nanoclusters of fluorescently labeled AMPARs exhibiting different levels of FRET with fluorescently
labeled stargazin. (f) The median FRET efficiencies per nanocluster on the membrane surface was sig-
nificantly higher in spines (8.0%, IQR = 6.9%, n = 271 clusters, 10 neurons) compared with dendrites
(5.5%, IQR = 8.0%, n = 1058 clusters, 10 neurons) (p = 9.45x 10~1%). Scale bars 500 nm, inset:

20— 1

1.56 x 1.18 um.

FRET.**% The combination of STED and FLIM to measure
FRET becomes a complementary approach to investigate
molecular interactions inside nanoclusters of intracellular
proteins.

For our demonstration, we performed FLIN on fixed samples
of cultured neurons, enabling sufficient photon collection from
nanodomains. Fixation with and without specific treatments can
be used to assess changes in FRET as a proxy of signaling events
at nanometric resolution. We targeted proteins that participate in
synaptic signaling and plasticity in dendritic spines, for which
specific antibodies or tagged recombinant versions were avail-
able. As the effectiveness and selectivity of antibodies is highly
critical, we chose in some cases to transfect recombinantly
tagged proteins, for which we had access to reliable antibodies.
We used primary and secondary fluorescent antibodies, which
introduce additional spacing and fluorophore orientation consid-
erations, increasing uncertainties on the distance between epit-
opes. Despite these limitations, immuno-FRET has been used
for assessing protein interactions.’®! We were able to use
this approach to measure differential GluA1 interactions with
stargazin in distinct membrane regions. Furthermore, our mea-
surements made with NMDA receptors tagged with epitopes at
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different locations confirmed that the method bares sensitivity to
discriminate distances within the FRET range on the same pro-
tein complex. An increase in FRET between two separately
labeled proteins level might reflect an increased fraction of
pairs interacting but might also reflect a conformational change
in one or both of the interacting proteins that bring the labeled
tags closer.

To reduce the uncertainty introduced by antibody labeling,
pairs of fluorescent proteins could be used as tags for
FRET-FLIM.'®***"* However, STED-based FLIN with fluo-
rescent proteins would introduce significant photobleaching
due to their lower photostability compared with organic
dyes.>° Furthermore, for each possible pair of fluorescent pro-
tein, a detailed characterization of the impact of the depletion
pulse on the acceptor fluorescent protein would need to be
performed.

Our simulations confirmed that the choice of analysis
method of fluorescence lifetime impacts significantly on
the results when photon collection is limited. This is particu-
larly relevant when making measurements from nanoscale-
sized regions. The LS method is not optimal with limiting
photon counts, making the MLE and MT methods preferable.
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Although the MT method provides fluorescence lifetime
values with the least variations, it introduces an offset when
FRET is present, underestimating higher levels of FRET, as
predicted by our simulation and confirmed with experimental
data (Sec. 5).

Our observation of GIuN2B nanoclusters exhibiting inter-
actions with CaMKII even before activating NMDA receptors
with a cLTP stimulus may seem surprising. However, we
found that GluN2B binding to CaMKII is highly persistent,
even in low calcium condition.>**” Thus, CaMKII may remain
stably bound to GluN2B, from prior spontaneous activity of
the neurons. This is also consistent with a basal level of
autophosphorylated CaMKII that we observed in the spines.”’
The activity-dependent increase in FRET that we observed
between CaMKII and GluN2B, despite being small, is
consistent with observations of activity-dependent translocation
of GFP-CaMKII to dendritic spines using time-lapse
imaging. 283233738 Ip those studies, GFP-CaMKII was also
shown to be somewhat enriched in dendritic spines prior to
NMDA receptor activation. We proposed that prebound
CaMKII may actually serve as the binding partner for additional
recruitment of CaMKII to the PSD.?® Indeed, we showed that the
recruitment of CaMKII to dendritic spines can be supported by
an activity-dependent self-association of the holoenzymes.?®
Such added scaffold of CaMKII near the GluN2B c-tail, poten-
tially forming “tower-like structures” extending away from the
PSD,*® may not produce more FRET between CaMKII and
GIuN2B, presumably because of the added distance between
the additional stacked CaMKII holoenzymes and the GluN2B
c-tail. This putative scenario could explain the limited increase
we observed in FRET between CaMKII and GluN2B following
stimulation.

The observation that GluA 1 nanoclusters exhibiting different
levels of interaction with stargazin on dendritic shaft vs spine
membrane is quite interesting. Indeed, stargazin has been
shown to promote immobilization of AMPA receptor in the
PSD area, via binding to PSD95.3%*! Meanwhile, Constals
et al.** showed that AMPA receptor desensitization was associ-
ated with a decreased binding to stargazin, enabling the exit of
receptors from the synapse. Our data are then consistent with the
proposal that AMPA receptors near the PSD are preferentially
associated with stargazin, compared with extrasynaptic recep-
tors. The model of synaptic nanocolumns, describing receptor
clusters in the PSD aligned with presynaptic release sites,
would be strengthened by identifying binding partners respon-
sible for the formation and plasticity of these nanocolumns.®
Our approach may be useful for such investigation.

Our results indicate that the combination of STED, FLIM,
and immuno-FRET can reveal direct or indirect interactions
between proteins within nanodomains, as exemplified by our
measurements in dendritic spines. FRET-FLIN revealed differ-
ent degrees of interactions between nanoclusters of proteins
that are otherwise missed with conventional FRET-FLIM. The
approach can be used to interrogate various pairs of interacting
endogenous proteins, providing the availability of specific anti-
bodies, or transfected tagged-proteins using well validated anti-
tag antibodies. A valuable improvement in this method would be
to add colors with STED resolution to detect additional proteins
as landmarks. In the examples studied here, being able to locate
the PSD or the presynaptic active zone would be very inform-
ative. Thus, this approach should help the investigation of cell
signaling at the nanometer scale.
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4 Appendix A: FRET-FLIN Setup

We built an STED microscope based on the work of Wildanger
et al."”® and Biickers et al.,'’ (Fig. 8) using a single supercontin-
uum laser source (SC450-PP-He, 2MHZ, 4W, Fianium, NKT,
Blokken, Denmark) to generate all excitation and depletion
beams. The excitation and the depletion paths were splitted
using a dichroic mirror (FF662-FDi01, Semrock, Rochester).
The excitation beam was spectrally filtered with an acousto-
optical-tunable-filter (AOTFnc-400.650-TN, AA optoelectron-
ics, Orsay, France) and the output beam was spatially filtered
through a polarization-maintaining single-mode fiber (PM460
HP, Thorlab, Newton) and the depletion path was additionally
filtered with a pinhole. The s and p polarizations of the depletion
beam were separated with a polarizing beam splitter. A vortex
phase plate was positioned in each depletion path (VPP-1, RPC
photonics, Rochester) to generate two donut-shaped depletion
beams, for which the s and p polarizations had a clockwise
or counter clockwise phase shift pattern, respectively. Both
polarizations were then recombined on a common path. Two
bandpass filters (FFO1-720/13, Semrock) resulting in a Gaussian
beam profile ranging from 713 to 726 nm were necessary to
obtain a sharp spectral profile and therefore improve the inten-
sity minima of the donut-shaped beam through uniform light
retardation on the vortex phase plate. A half and a quarter
wave plates were employed for fine tuning and circularization
of the polarization. A delay line was used to adjust the timing
between the excitation and the depletion pulses to 74 ps.®!
The depletion and excitation beams were combined with
a dichroic mirror (Z690sprdc-v2, Chroma Technology Corp.,
Bellows Falls, USA) and the fluorescence was separated
with a custom dichroic mirror (Custom STED polychroic
V6-246389, Chroma Technology Corp., Bellows Falls). The
scanning unit on the microscope (Zeiss Axio Examiner) was
built to minimize aberrations at the focal spot and optimize
the depletion donut pattern. For this purpose, two galvanometric
mirrors (6215H, from Cambridge technology) were placed in
the conjugated plane of the back aperture of the microscope
objective (Plan Apochromat, 63X, 1.4NA, Zeiss) in a 4f
configuration.

The detected photons were splitted with a 660 single-edge
dichroic (FF660-Di02, Semrock) to discriminate between the
donor (ATTO 594) and the acceptor (ATTO 647N) (Fig. 9).
The FLIM/FLIN signal of the donor was acquired with
a TCSPC card (SPC150, Becker & Hickl, Berlin, Germany)
on a fast photomultiplier tube (PMT) (PMC-100-20, Boston
electronics, Brookline, USA) with a FF01-609/57 (Semrock)
detection filter (Fig. 9). For the acceptor, the intensity signal
was acquired on a data acquisition board (NiDAQ, PCI-6111,
National Instrument) using a custom integration system with
aregular PMT (R3896, and high-voltage socket with transimpe-
dance amplifier C7950, Hamamatsu, Japan) and a FFO1-685/40
(Semrock) detection filter. For both emission paths, a 150-mm
detection lens was combined to a 75-ym pinhole in front of
the PMT.

Prior to each imaging session, the proper alignment of STED
donuts over the excitation beam was tested in reflectance with
100-nm gold beads. The acquisition was performed using
a modified version of the open-source software Scanlmage
3.8%? in addition to the TCPSC acquisition software (SPCM
v9.6., Becker & Hickle). To collect >1000 photons in FLIN
mode, a total of 20 images (45 s per image) were recorded
for an overall acquisition time of ~15 min. Postprocessing
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Fig. 8 FRET-FLIN setup acronyms: dichroic mirrors (D1, D2, D3, D4), acousto-optical-tunable-filter
(AOTF) , band pass filters (F1), polarizing beam splitters (PBS1, PBS2), phase masks (PM1, PM2), gal-
vanometric mirrors (X, Y), half waveplate (1/2), quarter waveplate (1/4), confocal pinholes (PH1, PH2),
photomultiplier tubes (fast PMT with SPC-150-TCSPC electronics for the donor fluorescence and regular

PMT for the acceptor fluorescence).
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Fig. 9 Fluorophore, laser, and filter configuration for one color FRET-
FLIN imaging. The emission spectrum of ATTO 594 overlaps with the
excitation spectrum of ATTO 647N enabling FRET (donor/acceptor
R, value of 7.4 nm) (Spectra from www.atto-tec.com). The excitation
wavelengths were selected on the AOTFs at 555 nm (for ATTO 594)
and 647 nm (for ATTO 647N) and the emission band-pass filters were

realignment using a normalized two-dimensional (2-D) cross
correlation was performed to correct for sample drift. The
realigned images were summed, resulting in a single frame
of 123x123 um (512x512 pixels of 24 nm) for the
analysis.

The resolution of the STED microscope was characterized by
measuring the FWHM on single clusters of the neuronal gluta-
mate receptor GIuN2B and antibody clusters on a glass cover-
slip. For GluN2B in dendrites, a mean FWHM of 73.3 nm
(STD 13.7 nm) was obtained while for antibody clusters it
was 66.9 nm (STD 11.0 nm) (Fig. 10).

5 Appendix B: Simulations and Image
Analysis

5.1 Simulations

We have based our simulations on a simplified transfer equation
of fluorescence and stimulated emission to model emission and
depletion processes involved in FLIN [Eq. (1), adapted from
Siegman® and Lakowicz et al.*%]

- oN1
609/57 nm and 685/40 nm, respectively. The STED beam wavelength = Nokaihtoo — Ny (kg o+ k +k h 1
was centered at 720 nm with a bandwidth of 13 nm. ot 0% excTexc l( fluo FRET STED STED)’ )
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Fig. 10 Resolution performance of the custom STED system on immunolabeled GIuN2B in fixed cultured
hippocampal neurons. (a) STED imaging of GIuN2B labeled with mouse anti-GIluN2B and GAM-ATTO
594 (raw data). Line profiles (white lines) were measured on unspecific single antibody-nanoclusters
(outside of the neuron) for resolution estimation, and on GluN2B-nanoclusters. (b) Measured FWHM
of a Lorentzian curve fit on the line profiles showed in (a) for both single antibodies (66.9 + 11.0 nm,
n =10) and GIuN2B (73.3 + 13.7 nm, n = 20) nanoclusters (mean + SD, both population are normally
distributed, Shapiro-Wilk Normality Test). (c) Representative fits of the fitted line profiles for antibody (left)

and GIuN2B (right) nanoclusters.
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[_("dSTED )2]
hSTED =e CSTED

kstep = IsTEDOSTED:

where N| and N, represent the number of electrons in the
excited state and ground state of a molecule, respectively.
The rate constants for the excitation, fluorescence emission,
stimulated emission, and FRET are indicated with k..., kfyuo
(inverse of fluorescence lifetime zq,,), ksg, and kggg, respec-
tively. The depletion efficiency is related to the intensity (/step)
and the temporal Gaussian profile (hgtgp) of the depletion beam
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Table 1 Simulation parameters of FLIN experiments.

Excitation beam

STED beam Fluorescent molecule

Pulse FWHM 200 ps

Focal spot FWHM Gaussian 250 nm

Wavelength 555 nm
Laser intensity 100 W/cm?
Delay 1ns

Absorption cross section —
STED cross section —
Lifetime —
Maximum FRET efficiency —

HO —_—

200 ps —
Donut 432 nm peak to peak —
720 nm —
100 MW/cm?
1.074 ns —
— 3.5x 10716 cm?
— 3.5x 10716 cm?
— 3.2 ns
— 50%

— 7.4nm

as well as the stimulated emission cross section (ostgp). Ro rep-
resents the Forster radius (radius for which the FRET efficiency
equals 50%) and r is the distance between donor and acceptor.
Using a numerical solution of that equation, we were able to
evaluate the distribution of fluorescence lifetime emitted by a
molecule. The properties used to simulate the fluorescence,
the excitation, and the depletion are listed in Table 1.

To simulate a case of interacting pairs of molecules, a FRET
efficiency of 50% (r = Ry = 7.4 nm between ATTO 594 and
ATTO 647N) and a FRET probability of 30% between the
two proteins were assumed. This corresponds to a measured
FRET efficiency of 15%. The lifetime of the donor alone was
set to 3.2 ns. Consequently, the calculated lifetime for 15%
FRET efficiency was 2.7 ns. The double exponential decay
was evaluated by the rate equations with a 30% probability to
obtain FRET (70% probability to measure the donor lifetime
without FRET interaction) for each simulated molecule.

FLIM and FLIN images were simulated [Figs. 1(a)-1(e)] by
randomly positioning 250 molecules inside a dendritic spine
shape (2.8 X 2.0 um). A Gaussian excitation PSF and a sinus-
oidal donut depletion PSF were simulated using the numerical
solution of the transfer Eq. (1). The effective fluorescence PSF
was applied on each pixel containing a simulated molecule.
Subsequently, all photons with shot noise (using Poisson
random generator) were added up for each pixel.

The performance of three FLIM analysis methods (LS, MT,
and MLE) was compared using simulated lifetime histograms
with variable FRET levels. A total of 100 independent simula-
tions were performed with photon counts ranging from 100 to
10,000. The simulations were averaged per photon count and
compared with the ground truth.

5.2 Curve Fitting and Lifetime Quantification

For each image or simulation, the lifetime was evaluated using
the indicated algorithm (LS, MLE, or MT). Minimization
algorithms were based on the following model:

F(t) = Npnotons {e &) IRF} , 2)
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where Nppons 18 the total number of collected photons and z,, is
the average fitted lifetime. The measured instrument response
(IRF) was convolved with the fluorescence exponential
decay. The acquisition time resolution was set to 40 ps and
a temporal binning of 4 was used, leading to a time resolution
of 158 ps. A convolutive spatial binning of 2 was applied,
corresponding to an effective pixel size of 48 nm for the
FLIN signal. The photons outside of the fitting window (red
and green dashed lines in Fig. 11) were excluded from the fitting
routine. The fitting algorithms were based on the MATLAB
(Mathworks) function finincon, which finds the minimum of
constrained multivariable nonlinear function. Cost function
for minimization was based on the work of Maus et al.*' for
both MLE [Eq. (3) and LS Eq. (4)]:

MLE o function = [(k i U)} Zt: 1(1)log LI%] ; 3)

0

_ ! [0 - f()P
LScost function — |:(k+ l/):| ; I(l‘) s (4)

where k is the number of data points, v is the number of param-
eters, /() is the measured data, and f(¢) is the function to be
fitted [Eq. (2)]. In the case of the MT method,” we used the
photon mean arrival of the IRF and subtracted it from the
data itself:'*??

o 2ol 1] 35[r - IRE(7)]
) >0 IRF(r)

®

Note here that the MT method does not provide an absolute
lifetime value. To correct for that bias in single-exponential life-
time, it is necessary to evaluate the lifetime of the donor only
using a fitting approach on a known sample without acceptor.
The obtained correction factor can be applied on all experiment
made in that condition.
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Fig. 11 Photon count histogram. (a) Distribution of photons over time for a typical FLIM measurement on
a dendritic spine. The exponential function fit (blue line) was convolved with the IRF; the time window
limits for the fit are indicated by the red and green dashed lines. The photon count of this representative
histogram was 14,245 photons. (b) Photon distribution of the same pixel as in A under FLIN measure-
ment. Data between the red and green dashed lines were used for fitting analysis (after the STED pulse
and the peak signal produced by the fluorophores before begin of STED effect). The photon count in

this histogram was 1044 photons.

5.3 Image Analysis

The quantification of fluorescence lifetime was performed as
described in the previous section (curve fitting and lifetime
quantification) using the MLE algorithm for curve fitting. We
applied Richardson—Lucy deconvolution on the intensity signal
(2-D Gaussian function for confocal and 2-D Lorentz function
for STED images) using a build-in MATLAB function deconv-
lucy.m and emulated PSFs of 270 and 60 nm for confocal and
STED images, respectively. To measure the individual cluster
intensities and the associated lifetime values, clusters detected
using an adaptive threshold algorithm combined with a morpho-
logical analysis.** Those segmented regions were associated
with the lifetime image and the lifetime values for each cluster
were retrieved by averaging all pixel inside a given cluster.
A colormap image was obtained from the determined lifetime
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values for each pixel and multiplied by the corresponding inten-
sity image to generate the intensity weighted lifetime images.
For spine area selection, regions were manually drawn around
excrescences on dendrites.

For each experiments, a control immunolabeling with the
donor alone was performed to determine the donor lifetime
under the same biological and imaging conditions (Fig 12).
All pixels of the donor-alone control images were averaged
to evaluate the value of donor lifetime. The FRET efficiency
was calculated with Epger = 1 — (tpya/7p), as 7 represents
the measured fluorescence lifetime of the donor alone and
Tp. 4 18 the measured fluorescence lifetime of the donor in pres-
ence of acceptor. Note that the measured FRET efficiency values
can be negative due to the intrinsic distribution of the fluorescent
molecule lifetime.
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Fig. 12 Comparison of FLIN between donor alone and donor-acceptor for experiments shown in Figs. 4-7
(Fig. 4 panel). The fluorescence lifetime of ATTO 594 alone, labeling HA in GFP-GIuN2B-HA, is not sig-
nificantly different to that in the presence of the acceptor ATTO 647N (p = 0.3282) (Fig. 5 panel). The
fluorescence lifetime of ATTO 594 alone, labeling aCaMKIl, is significantly higher than in the presence
of the acceptor Atto647 (p = 0.00077) (Fig. 6 panel). The fluorescence lifetime of ATTO 594 alone, labeling
GIuN2B, is significantly higher than in the presence of the acceptor ATTO 647N (p < 2.2 x 1076)
(Fig. 7 panel). The fluorescence lifetime of ATTO 594 alone, labeling GFP-GIuAT1, is significantly higher
than in the presence of the acceptor ATTO 647N (on stargazin) (p < 2.2 x 1076).

5.4 Statistical Analysis

Statistical analyses were performed over cluster distributions.
Outliers were defined as values larger than g3 + 1.5(¢3 — q,)
or smaller than ¢, — 1.5(¢3 — q;), where ¢, and g3 are the
25th and 75th percentiles, respectively. The non-normal distrib-
uted datasets were tested by a Wilcoxon rank sum test and stat-
istical significance was determined with p < 0.05 using two-
tailed tests. All data are presented as median with IQR value.
Data were analyzed using MATLAB statistical toolbox.

6 Appendix C: Material and Methods

6.1 Neuronal Cultures and Transfection

Dissociated  hippocampal neurons were prepared as
described.?%5 Before dissection of hippocampi, neonatal rats
were sacrificed by decapitation, in accordance with the proce-
dures approved by the animal care committee of Université
Laval. Neurons were transfected with the plasmids encoding
GFP-GIuN2B-HA, GluNI1-GFP, GluN2B-HA, SEP-GluAl, or
HA-Stargazin at 11-14 DIV using Lipofectamine 2000
(Invitrogen) as described previously.®® Fixation was performed
24 h after transfection. To reduce toxicity generated by the
overexpression of the plasmids GFP-GluN2B-HA, GluN1-GFP,
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and GluN2B-HA, 200 M AP5 (Cayman) was added 3 h after
transfection.

The plasmid GFP-GIluN2B-HA was generated by PCR
amplification of the c¢DNA encoding GFP-GIuN2B with
primers 5’-CAAGACACGTGCTGAAGTCAAG-3’ and 5’-
GCTAGTGGTCCACATGTAGTACCG-3’. The PCR product
was then digested with SnaBI-Xhol (digestion product contains
incomplete CMV promoter, first part of GluN2B and the GFP)
and inserted into the SnaBI-Xhol site of GluN2B-HA. GluN2B-
HA was generated by inserting a HA tag at amino acid 1275 of
GIluN2B in a pRKS5 vector. SEP-GluA1, HA-Stargazin, and
GIluN1-GFP were described previously. 83032

6.2 Immunocytochemistry

Cells were fixed either in methanol (—20°C) or in a freshly pre-
pared 4% paraformaldehyde (PFA) solution (4% sucrose, 100
mM phosphate, 2 mM NaEGTA) [room temperature (RT)]
for 10 min. PFA fixation was used only for the GluAl-
Stargazin experiment to label exclusively extracellular mem-
brane proteins. After fixation, cells were washed three times
for 5 min in PBS (PBS with 0.1 mM Glycine for PFA fixation).
To limit unspecific binding, cells were first incubated for 1 hina
blocking solution (BS) consisting of PBS completed with 10%
normal goat serum. Primary antibody incubation was performed
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with BS for 2 h at RT or overnight at 4°C. After five washes in
PBS, the secondary antibodies were applied with BS for 1 h
at RT.

The following antibodies were used: rabbit antiphosphoT286-
CaMKII (1:500, Cell signaling technology), Mouse anti-aCaMKII
(1:200, ThermoFisher Scientific), Rabbit anti-GluN2B-CT (1:500,
Alomone, AGC-003), Mouse anti-GFP (1:500, ThermoFisher
Scientific), Rat anti-HA (1:250, Roche), and their corresponding
secondary antibodies, ATTO 594 (1:500) or ATTO 647N
(1:500, ATTO-TEC).

To measure the influence of cLTP stimulation on CaMKII
T286 autophosphorylation, neurons were incubated for 5 min
in free-magnesium heated artificial cerebrospinal fluid
(0 Mg?*-ACSF) solution consisting of HBSS supplemented
with, in mM: 10 HEPES, 1.2 Ca2*, 2 glucose, 0.2 glycine,
and 0.01 picrotoxin. Neurons were either fixed directly after
stimulation (cLTP) or washed for 10 min in AP5 (400 uM)-

containing regular ACSF (10 min post-cLTP). 0
The immunolabeled coverslips were mounted in 2,2’-
thiodiethanol (TDE, Sigma Aldrich), based on the protocol 11.
described in Staudt et al.*” This polymerization free mounting
media minimizes lifetime alterations of fluorescent dyes and "
aberrations caused by refractive index (n) mismatch (n = 1.5)
(coverslips were incubated with gradually increasing concentra- 13
tion of TDE (10%, 25%, 50%, and 3 X 97%) for 30 min/
concentration to avoid cell shrinkage while completely remov- 14
ing water.?’
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