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Evaluation and experimental monitoring of
calcium in plasma membrane inner
nanoscale cytoplasm regions
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So far, measurements of free calcium in the nanoscale cytosolic region near the plasma membrane
remain a challenge in cell biology. We present a convenient approach that combines membrane-
bound dyes with cytosolic calcium probes. Manipulations with distinct laser excitations of these dyes
allow monitoring of calcium in both the cytosol and the sub-membrane region. Whereas Foérster
resonance energy transfer induces secondary fluorescence of the calcium probe at distances under
10 nm from the membrane upon membrane dye excitation, direct excitation of the probe visualizes the
bulk calcium. Experiments on HEK293 cells and neurons disclose that at rest sub-membrane calcium
concentration is large exceeding 400 nM. Furthermore calcium entry through ion channels,
exchangers, or ionophores, as well as spontaneous calcium neuronal oscillations, increase calcium
concentration upto 1 pM and 800 nM in the pre-membrane domain and in the cytoplasm, respectively.
This approach provides a new tool for calcium nanodomain studies.

Calcium, an indispensable ion for cell metabolism, is a vital secondary
messenger ubiquitous to all eukaryotic cells'. In cells of nervous systems,
calcium exhibits even more diverse functions, being a key player in
electrogenesis, vesicular release, spine formation, synaptic plasticity,
transduction of extracellular signals, triggering intracellular signaling
cascades, gene expression, etc. Despite the existence of numerous binding
sites for calcium in cells, precise targeting in possessing certain calcium-
dependent functions occurs. This is achieved in specialized cellular
compartments and plasma membrane microdomains like presynaptic
endings and spines, as well as plasma membrane lipid rafts in which
integral proteins such as ion channels, pumps, transporters, enzymes,
etc., are tightly packed to perform fast signaling and to limit calcium
spreading. For example, membrane clustering within microdomains
enhances Ca**-dependent crosstalk between neighboring N-methyl-p-
aspartate receptors (NMDARs)’, NMDARs and sodium-calcium
exchanger (NCX)™, and between Na/K-ATPase and NCX™". The plasma
membrane enriched with cholesterol intrinsic to lipid rafts is essential for
this interplay’~’. Furthermore, the pharmacological effect of some med-
icines, in particular memantine'’ and tricyclic antidepressants'"', also
depends on NMDAR and NCX coupling in lipid rafts. In addition,
calcium-permeable channels clustered within the lipid rafts can generate
up to 100 uM local Ca** transients'>'* within tens of nanometers from the
site of entry and trigger signaling pathways independently of bulk cal-

cium increases™'®.

This knowledge was accumulated based in part on the electro-
physiological experiments, in which Ca**-dependent processes near the
inner plasma membrane surface were monitored as changes of NMDAR
currents because of Ca’"-dependent desensitization™’. Apparently, Ca’*
buffering by protein may cooperate with Ca®* extrusion to balance Ca**
entry into neurons'’, so that the counter transport at rest maintains the pre-
membrane Ca’" concentration ([Ca?"],,,) rather stable. Since different Ca®*-
permeable channels are subjected to Ca’*-dependent desensitization,
similar crosstalk between them and NCXs may occur’. Whereas this
mechanistic understanding of [Ca’"],,, dynamics seems plausible, it is based
on indirect observations on neuronal currents. Conclusive evidence in favor
of this understanding requires direct measurements of [Ca’'],, in a
nanoscale region of pre-membrane cytoplasm. Such an experimental
approach would considerably strengthen molecular crosstalk and phar-
macological studies of lipid rafts, offering new insights into pre-membrane
processes underlying basic cellular functions.

Experiments with membrane-targeted genetically encoded Ca® indi-
cator fluorescent proteins in cultured cells appear to represent a proper
solution'*"” that provided substantial progress in this scientific area'****".
However, this approach, like others, has its own limitations. First of all, the
expression of GCaMPs is not stable between cell types and produces various
side effects on cell physiology and channel gating™. If GCaMP is fused to a
membrane-targeting sequence, it most localizes to the plasma membrane,
but some remains cytosolic, retained in the ER, or cycles via endocytosis,
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yielding non-membrane fluorescence”'. In addition, GCaMPs have at least a
20-fold smaller emission dynamic range*>' than small molecule Ca**
sensors like Fluo-8 or Calbryte 520%°. Membrane-targeted small molecules
like FFP18* are rarely used because of dim fluorescence and partial detec-
tion of extracellular calcium?. Finally, the lateral resolution of an ideal
confocal scanning microscope can not be smaller than 250 nm, impeding
the ability to distinguish sub-plasma calcium from other cytoplasm. Since
confocal microscopy remains diffraction-limited, super-resolution methods
like STORM, PALM, SIM, or STED can surpass this limit, yet they are slow
or require repeated scanning, making them unsuitable for rapid calcium
transients near the plasma membrane™.

To overcome these limitations, we developed a convenient method
combining a membrane-bound dye with a cytosolic Ca®" sensor to detect
sub-membrane calcium via Forster resonance energy transfer (FRET)-
induced fluorescence, limited to distances <10 nm. This approach allows
simultaneous monitoring of both bulk and near-membrane calcium in
HEK293 cells and neurons.

Results

Verification of the approach in HEK293 cells

A general idea of how we could measure free calcium in the close proximity
of the inner surface of the plasma membrane is illustrated in Fig. 1a. In case
of staining of the plasma membrane with some lipid fluorescence dye in cells
loaded with a water-soluble calcium probe, the activated light of the lipid dye
could cause a secondary fluorescence of the calcium probe at the distance at
which FRET is allowed (<10 nm). In agreement, FRET had been demon-
strated earlier between the membrane-incorporated probe and the water-
soluble dye in the extracellular solution”. To achieve this goal, the plasma
membrane of HEK293 cells loaded with the Fluo-8 calcium probe was
stained with the externally applied carbocyanine dye DiB (Cellbrite Blue™)
(Fig. 1a). The fluorescence of DiB was excited using a 2-photon (2p) laser ata
wavelength of 735 nm, which was picked out as optimal for our imaging
hardware to achieve maximal fluorescence of DiB at 460 nm with negligible
direct excitation of Fluo-8 (Fig. 1b). At 2p excitation, rather intensive blue
fluorescence of cell membranes stained with DiB was observed, as well as
some green Fluo-8 fluorescence colocalized with DiB of lesser intensity was
present (Fig. 1c). Analysis of single-cell emission spectrum revealed green
Fluo-8 fluorescence as a deviation from the DiB spectrum, with distinct peak
of 515 nm (Fluo-8) as well as 460 nm for DiB (Fig. 1d). To verify whether the
fluorescence in the green spectral region is dependent on calcium, experi-
ments with ionomycin (5 (M), an ionophore that allows calcium to enter
cells through the plasma membrane, were conducted. Ionomycin increased
membrane-associated Fluo-8 fluorescence (Fig. 1c). The rise of [Ca*'],,
induced by ionomycin increased the Fluo-8 peak in the emission spectrum
and slightly decreased the DiB peak (Fig. 1d), which we refer to as aug-
mented energy transfer between the dyes upon Fluo-8 binding to Ca’".
Thus, this procedure allows recognition of [Ca*'],, increase evoked by
calcium influx.

We also compared the spatial distribution of the dyes either under 2p
excitation of DiB or direct excitation of Fluo-8 with a 1p 488 nm laser
(Fig. 1e). Under 2p excitation, the linear profile plotted across the cell body
(Fig. le, f) reveals narrow 430 + 55 nm peaks (mean from 24 cells) of DiB
and Fluo-8 fluorescence marking the cell borders. Obviously, the peaks are
much wider than the expected (~5-10nm) theoretical FRET distance.
Obtained peaks of 350-400 nm in our experimental conditions look well
considering the lateral resolution limit of 250 nm of the confocal scanning
microscope stated by the manufacturer. Despite blurring, in this case, the
light originates from the nanoscale pre-membrane region where FRET is
allowed. When excited with 488 nm, the Fluo-8 fluorescence was evenly
distributed in the soma (Fig. 1f). Thus, the same calcium probe allows the
detection of both sub-membrane calcium via membrane dye excitation and
cytosolic calcium via direct excitation (Fig. 1g). In cells stained with only
Fluo-8 without DiB, the fluorescence spectrum of the preparation at 2p
excitation recorded at the same parameters demonstrates lower amplitude
(dotted line in Fig. 1g). This serves as additional confirmation that the green

fluorescence during double staining is the result of FRET. In both com-
partments—pre-membrane and cytosolic, ionomycin caused a substantial
increase of [Ca**]s (Fig. 1h).

We further tested whether this method could be utilized to visualize
more physiologically relevant calcium changes in cells determined, for
example, by sodium-calcium exchanger (NCX) transports (Fig. 1i). In
HEK293 cells expressing NCX1, we applied 70mM KCl to force the
exchanger to transport Ca** into the cytosol. In the membrane area at 2p
excitation, we observed a Fluo-8 response to KCl application, indicating the
Ca™ entry through the exchanger. Therefore, this experimental approach
allows monitoring physiologically relevant changes of [Ca**],, and detecting
the Ca™ entry through inherent participants of cellular calcium home-
ostasis. We also tested whether the increase in pre-membrane calcium
concentration was the result of calcium entry from the outside or secondary
release from intracellular stores. In a calcium-free extracellular solution
(containing 5 mM EGTA), application of 20 mM caffeine induced a mod-
erate cytoplasmic response in cells, but no significant changes were recorded
in the pre-membrane region (Fig. 1j, n = 5). Although we cannot completely
exclude the contribution of calcium release from stores, in our experiments,
the pre-membrane response to ionomycin is probably associated with cal-
cium entry from the outside.

In order to widen the applicability of this method, experiments with
fluorescent proteins were also performed.

Calcium-sensitive fluorescent proteins as a secondary sensor
As genetically encoded Ca™-sensitive fluorescent proteins are widely used,
we tested if FRET is possible between a small-molecule membrane dye (DiB)
and a Ca*-sensitive protein (GCaMP6s) located in the cytosol near the
plasma membrane (Fig. 2a). In the following experiments, instead of loading
Fluo-8, cells were transfected with the plasmid expressing plasma
membrane-associated GCaMP6s bearing the CAAX motif. DiB and
GCaMP6s provide a FRET pair with almost similar spectra as in previous
experiments (Fig. 2b). Under 2p excitation with a 735 nm laser, we observed
colocalized DiB and GCaMP6s fluorescences (Fig. 2c). The linear profile
across the cell body revealed colocalized peaks of DiB and GCaMPé6s
fluorescence only at cell membranes (Fig. 2d). Visually observed membrane
“thickness” was 410 + 60 nm (mean from 18 cells), similar to those for the
DiB and Fluo-8. Regardless of the membrane targeting, direct 488 nm
excitation of GCaMP6s also revealed diffuse somatic fluorescence (Fig. 2d).
In contrast, energy transfer from the membrane selectively highlights
GCaMP6s within ~10 nm of the plasma membrane and excludes an exci-
tation of molecules located more distantly. Unlike experiments with Fluo-8,
under 2p excitation, GCaMP6s fluorescence at the membrane area (ROI1 in
Fig. 2c) did not respond to 5 uM ionomycin, as shown by the ROI1 spectrum
(Fig. 2e). Ionomycin did not cause fluorescence increase in time for ROIs
outlining plasma membrane (Fig. 2f, n = 5). In contradiction, under 488 nm
excitation, the whole volume of GCaMP6s in the same cells (cytosolic ROIs,
n=>5) responded to 5uM ionomycin by a multi-fold increase in fluores-
cence. To explain this discrepancy, we suggested that in a narrow layer
adjacent to the plasma membrane, [Ca’'],, is much larger than that of
cytosol™*. Hence, in this narrow layer, GCaMP6s with K4[Ca] = 140 nM is
already saturated by calcium, in contrast to Fluo-8 with K;[Ca] = 389 nM.
Most likely under 488 nm excitation, the response of GCaMP6s located in
the cytoplasm predominantly contributes to fluorescence.

Saturation of calcium-induced fluorescence of a high-affinity Ca**
probe in the sub-plasma region in the HEK293 cells allows an estimation of
[Ca™],, at least 300nM. This surprising result forced us to perform
experiments on other cell types, in particular on neurons. We examined
whether calcium entry into the sub-plasma region could be monitored upon
activation of Ca’*-permeable glutamate receptors, in particular of N-
methyl-p-aspartate (NMDA) type.

Exploring sub-plasma calcium in neurons
Similar to HEK293 cells, Fluo-8-loaded neurons with DiB-stained mem-
branes demonstrated membrane-localized co-emission of DiB and Fluo-8
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Fig. 1 | Visualization of intracellular pre-membrane calcium in HEK293 cells.
a Schematics of Forster resonance energy transfer (curved arrow) from membrane
dye DiB (blue circles) to cytosolic Ca**-sensitive probe Fluo-8 (green stars) in pre-
membrane area. b Spectral diagrams depicting two modes of intracellular Ca*"
detection. “FRET” section—an excitation of DiB by a 2p 735 nm laser and FRET to
Fluo-8 to reveal pre-membrane Ca’". The gray area depicts an overlap integral of the
donor emission spectrum with the acceptor absorption spectrum. “Direct” section—
a direct excitation of Fluo-8 by 1p 488 nm laser to detect bulk Ca*". Dotted and solid
curves depict excitation and emission spectra of DiB (blue) and Fluo-8 (green),
respectively. Ch1l and Ch2—spectral emission ranges for detection of DiB and Fluo-8
fluorescence. ¢ Images of stained live HEK293 cells under 2p 735 nm excitation
before and after 5 uM ionomycin application. Fluo-8 emission (Ch2) is associated
with membrane DiB emission (Ch1) and increases in response to 5 pM ionomycin.
d Emission spectrum of ROI shown in (c) was obtained in the range of 400-600 nm.
Blue curve—control, red curve— in the presence of 5 uM ionomycin. Solid areas
depict the published reference emission spectra of DiB (blue) and Fluo-8 (green).
Absolute fluorescence intensity is presented in arbitrary units—a.u. e Comparison of
Fluo-8 emissions in pre-membrane area (2p 735 nm excitation, top row) and in the
cytosole volume (1p 488 nm excitation, bottom row) in the presence of 5 M
ionomycin. f The linear intensity profile plotted along the line is shown in (e). FRET-
induced Fluo-8 fluorescence co-localizes with the membrane fluorescence. Direct
Fluo-8 excitation reveals cytosolic emission smoothly distributed in the cell body.
g Emission spectra captured using FRET and direct excitations of the same cell are

shown in (e). The dotted line shows the fluorescence spectrum of a similar pre-
paration at 2p 735 nm excitation recorded with Fluo-8 only staining. h Intensity
fluorescence diagrams. Mean values + SEM (shown by bars) of Fluo-8 emission
intensities obtained in the absence (control) and presence of 5 uM ionomycin cor-
responding to pre-membrane Ca’" (left, n = 10) and bulk Ca*" (right, n = 21). Data
are significantly different (***p = 0.004; ****p = 0.00001 Student’s paired t-test).
Circles connected by lines represent data from single cells. i The response to the
increase of extracellular KCl concentration from 2.8 to 70 mM of pre-membrane
Fluo-8 emission (2p 735 nm excitation) in HEK293 cells expressing NCX1. On the
right, images of the cell membrane captured in control (upper one) and at the end of
KCl application (lower one). On the left, relative to the values in 2.8 mM KCl,
fluorescence intensity values (F/F,,) are plotted along time for Fluo-8 (Ch2) and DiB
(Chl). Mean values with SEM (indicated by bars) from 5 cells are shown. Circles
represent individual measurements. The horizontal bars indicate KCl application
and time calibration. j Caffeine-induced increase in cytosolic fluorescence observed
under 488 nM excitation does not affect pre-membrane fluorescence observed under
2p excitation. Images on the left were captured in control and upon 20 mM caffeine
application in Ca**-free external solution under 2p 735 nm and 1p 488 nM excita-
tions. The chart to the right demonstrates the averaged (between experiments, n = 4)
response of cytosolic and pre-membrane fluorescence to caffeine. Relative to control
fluorescence intensity values (F/F,) are plotted along time for Fluo-8 (Ch2). Mean
values with SEM (indicated by bars) are shown. Circles represent individual mea-
surements. The horizontal bars indicate caffeine application and time calibration.

under 2p excitation and diffuse Fluo-8 signal in the soma under 1p 488 nm
excitation. (Fig. 3a, b). Linear profiles revealed narrow 500 + 60 nm width
peaks (mean from 22 neurons) of DiB and Fluo-8 fluorescence, marking the
cell borders. Membrane-associated Fluo-8 fluorescence in neurons suggests
that, as in HEK293 cells, the neuronal [Ca®*],, is maintained at a rather large
level at rest (Fig. 3c).

In HEK293 cells, Fluo-8 allowed to recognize [Ca’*],, increase caused
by ionomycin (Fig. 1¢,d) whereas GCaMP6s did not (Fig. 2e). In neurons the
membrane fluorescence of Fluo-8 increased with an increase of NMDA
concentration (Fig. 3c). For each neuron studied, an emission spectrum for a
membrane region on the cell similar to the ROI in Fig. 3¢ was chosen, in
which amplitudes of two peaks of emission, Fyo (460 +5nm) and Fs;s
(515 + 5 nm), corresponding to DiB and Fluo-8, were measured. Repre-
sentative emission spectra are shown in Fig. 3d, e. Whereas in the majority of
experiments, obtained spectra resemble those in Fig. 3e, in some spectra the
Fluo-8 peak was more pronounced than the DiB one, suggesting perfect
conditions for FRET in the particular cell in Fig. 3d. It should be noted that
despite spectral variations, the effect of NMDA concentration increase on
the amplitude of the Fluo-8 peak and its concentration dependence were
similar.

The normalized Fluo-8 emission (Fgjyog/Fmax) Versus NMDA con-
centrations was plotted (Fig. 3f). In experiments, Fs;s saturation was
achieved at 100 uM NMDA. At this point, 5 tM ionomycin, which provides
an additional pathway to NMDARs for calcium entry through the plasma
membrane, did not cause a further increase in F5, 5 suggesting that the Fluo-
8 emission is already saturated. Therefore, this saturation could be attributed
to the fluorescence rather than to the saturation of calcium entry through
NMDARSs. In some neurons, as the NMDA concentration increased, we
observed a reciprocal redistribution of emission from Fyg to Fs;5, indicating
an increase in FRET efficiency (Fig. 3d) upon [Ca’*],,, increase. Based on the
assumption that in the absence of calcium, the fluorescence of the Fluo-8 dye
is absent, and 100 uM NMDA alone or with ionomycin causes fluorescence
saturation of Fluo-8 bound with calcium, and taking into account
K4[Calgiuos =389 nM, one can estimate the [Ca**],, (Fig. 3f). Without
NMDA, pure Fluo-8 emission in the membrane area was slightly above half
of the maximal fluorescence, which roughly corresponds to the Ky of Fluo-8.
Accordingly, even at rest, [Ca*"],;, in 10 nm proximity to the membrane
probably exceeds 389 nM, which is higher than in cytosol (<100 nM).
Saturation of the calcium probe upon application of NMDA allows us to
conclude that under these particular conditions [Ca®'], is at least twice as
large as Ky for Fluo-8 and exceeds 800 nM.

To broaden applicability and validate the approach, we performed
experiments with a FRET pair of NeuroDio green fluorescent plasma
membrane dye and Cal590 calcium probe, in which both dyes are excited by
visible light. Since low-affinity Ca** probes could be more appropriate,
considering the fluorescence saturation of Fluo-8, a relatively high Cal590
K4[Ca*"] of 561 nM” represents an additional advantage to estimate
[Ca**],, with more accuracy.

A schematic of what we expect to obtain in experiments is shown in
Fig. 4a. Indeed, NeuroDio green fluorescent plasma membrane dye and
Cal590 calcium probe with green absorption and orange emission form a
FRET pair (Fig. 4a, b). NeuroDio has an advantage over DiB due to its
brighter fluorescence, better solubility in neuronal membranes, and visible
light excitation. In the presence of 30 uM NMDA upon NeuroDiO excita-
tion with a 488 nm laser (Fig. 4b), the spatial distribution of Cal590 fluor-
escence along the linear profile crossing the neuronal soma (Fig. 4c, d) was
similar to that of DiB and Fluo-8 (Fig. 3a,b). Direct excitation of Cal590 with
a 543 nm laser (Fig. 4b) revealed a uniform Cal590 distribution in the
cytosol. An overlay of Cal590 fluorescence in neurons under 488 and
543 nm excitations (Fig. 4e) provided a distinct image of two sub-plasma
and cytosolic Ca** compartments (video in Supplement A). It should be
empbhasized that the fluorescence shown by green color in Fig. 4e emits from
the pre-membrane region within <10 nm of FRET and uncovers the exis-
tence of a pre-membrane calcium domain in which a rather large calcium
concentration is maintained. Under 488 nm excitation (Fig. 4b), an increase
of NMDA concentration resulted in a gradual increase of pre-membrane
fluorescence at 590 nm (Fsqy) corresponding to Cal590 emission (Fig. 4f).
For each NMDA concentration, we also captured Cal590 fluorescence
under 543 nm to obtain a cytosolic Ca®* response. Both cytosolic and sub-
plasma Ca’™" responses were averaged between neurons and plotted versus
NMDA concentration (Fig. 4g). In analogy with Fluo-8 experiments, on top
of the 100 uM NMDA effect, 5 uM ionomycin was added to achieve full
Cal590 fluorescence because of Ca®" overload. In contradiction to Fluo-8,
ionomycin further increased the intensity of fluorescence for both pre-
membrane and cytosolic compartments. Hence, in the case of Cal590, the
NMDAR activation can not provide a sufficient Ca>* inflow to reach a probe
saturation. As Fluo-8 in similar experiments in the presence of 100 uM
NMDA ionomycin did not increase fluorescence, the difference between
probes is presumably determined by a larger value of Cal590 K4[Ca®']
(561 nM) than those of Fluo-8 (389 nM). Therefore, for Cal590, the
intensity of fluorescence was normalized to maximal intensity at saturation
(100 uyM NMDA + 5 uM ionomycin). Obviously, [Ca**],,, in neurons at rest
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Fig. 2 | Membrane-associated calcium protein as a secondary sensor for Forster
resonance energy transfer. a Schematics of Forster resonance energy transfer
(curved arrow) from membrane stain DiB (blue circles) to GCaMP6s (green oval).
b Spectral diagram of excitation (dotted lines) and emission (solid lines) spectra of
DiB and GCaMPé6s. The gray area depicts an overlap integral of the donor emission
spectrum with the acceptor absorption spectrum. Chl and Ch2—spectral emission
ranges for detection of DiB and GCaMPés, respectively. ¢ Images of DiB (Ch 1) and
GCaMP6s (Ch 2) captured on live HEK293 cells expressing GCaMP6s and stained
with DiB under 2p 735 nm or 1p 488 nm excitation before and after 5 uM ionomycin
application. d The linear intensity profile plotted along the line shown in (c). FRET-
induced GCaMP6s fluorescence shows better association with the membrane than
fluorescence evoked by direct excitation. e Emission spectrum of ROI1 is shown in
(¢) in the range of 400-600 nm. Blue curve—control, purple curve—after 5 uM

ionomycin application. Solid areas depict the published reference emission spectra
of DiB and GCaMP6s. Fluorescence intensity is normalized to a maximum at

460 nm. f Average responses from four experiments showing GCaMP6s fluores-
cence changes over time in pre-membrane and cytosolic ROIs, similar to those
shown in (c), following application of 5 uM ionomycin. Pre-membrane ROI fluor-
escence was recorded in Ch2 using 2p excitation at 735 nm to detect local Ca**
signals, while cytosolic ROI fluorescence was recorded in Ch2 using one-photon
excitation at 488 nm to detect bulk cytosolic Ca®". Data are presented as relative
fluorescence (F/F,), where F, is the baseline fluorescence in control conditions and F
is the fluorescence in the presence of ionomycin. Mean values + SEM are shown.
Circles represent individual measurements. The horizontal bar indicates the period
of ionomycin application (5 uM).

exceeds half-maximum for Cal590 saturation and can be estimated as
~800 nM according to Cal590 K4[Ca’'] of 561 nM. A much lower basal
Ca’*" level of ~100 nM was found in cytosol, which corresponded well with
usual concentrations in cells™. Since Cal590 was not saturated in the pre-
sence of 100 uM NMDA, the [Ca’*],,, could be estimated as 1 uM, and the
cytosolic response of about 700 nM.

With these stainings, we observed synchronous spontaneous [Ca’*]
oscillations in cultured neurons in both the membrane area (ROI1) and
cytosol (ROI2) (Fig. 4h), suggesting that staining procedures did not affect
neuron functions. In agreement, spontaneous cytosolic and sub-plasma
Ca™" oscillations were observed in many cells. Cytosolic oscillations were of
large amplitude (Fig. 41), accompanied by small sub-plasma oscillations. The
differences between basal (#;) and peak (t,) amplitudes were considerable
(Fig. 4i, j). Thus, the proposed approach has a wide potential in the
simultaneous detection of pre-membrane and bulk calcium in different cell
types at rest and in dynamics.

Discussion

Our study introduces a novel FRET-based approach to monitor sub-plasma
membrane Ca** dynamics with nanoscale precision, overcoming key lim-
itations of existing methods such as genetically encoded Ca’* indicators

(GECIs) and conventional small-molecule dyes. By double staining with
membrane-targeted fluorescent dyes (DiB, NeuroDiO) and cytosolic Ca*
sensors (Fluo-8, Cal590, GCaMP6s), we demonstrate that [Ca*'],, within
~10nm of the inner plasma membrane is considerably higher
(300-800 nM) than in the cytosol at rest and increases further upon Ca’*
influx through NMDARs or NCX. These findings provide direct experi-
mental support for the long-standing hypothesis that nanodomains near the
plasma membrane maintain elevated Ca’" levels, which is important for
rapid signaling and local effector targeting’".

A special feature of the near-membrane region is the high electric field
strength of the membrane, which is sufficient for the dehydrogenation of
calcium ions at a distance of up to 7 nm from the membrane™. Membrane
potential (typically negative inside) helps Ca’" ions attach to the membrane
surface, forming a diffuse layer of counterions. Probably, this attraction
helps concentrate Ca®" near the membrane, facilitating its role in signaling
and in screening of membrane surface negative charges for proper
electrogenesis.

In our experiments, GCaMP6s (K4 ~ 140 nM) failed to exhibit sub-
membrane Ca’" increases, likely due to saturation by the high basal [Ca’*] in
this compartment. This aligns with prior work suggesting that high-affinity
probes are unsuitable for measuring [Ca’'],,'”. In contrast, Fluo-8
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Fig. 3 | Distinct evaluation of pre-membrane and bulk calcium in cortical neu-
rons: effects of NMDA-receptor activation. a Images of single cell emission in the
membrane area (2p 735 nm excitation, top row) and in the cytosole (1p 488 nm
excitation, bottom row), obtained in a neuron in the presence of 30 uM NMDA.

b The linear intensity profile plotted along the line is shown in (a). FRET-induced
Fluo-8 fluorescence co-localizes with the membrane fluorescence. Direct Fluo-8
excitation reveals emission smoothly distributed along the profile. ¢ Images of a
neuron in the presence of increasing NMDA concentrations obtained upon exci-
tation by a 2p 735 nm laser. Blue panel—DiB emission at Ch1. Green panels—Fluo-8
emission at Ch2. d Emission spectra in the range of 400-600 nm of ROI are shown in
(c) in the presence of different NMDA concentrations. Solid areas depict emission

spectra of DiB (blue) and Fluo-8 (green). Absolute fluorescence intensity is in
arbitrary units—a.u. e Emission spectra normalized to maximum at 460 nm (Fje) to
evaluate the crosstalk between Fluo-8 and DiB fluorescence at 515 nm (Fs;5). The
0.08 value corresponds to the reference crosstalk between normalized spectra of DiB
and Fluo-8. f A plot of Fluo-8 fluorescence without DiB crosstalk of membrane
region as a function of NMDA concentration. Emission intensity is normalized to
maximum (Fgjye-g/Fmax)- 0.95 from the maximum intensity reveals Fluo-8 satura-
tion with Ca’" and roughly corresponds to the doubled K4[Ca®*] of Fluo-8. Circles
and error bars are means + SEMs, obtained in the presence of NMDA from 7
experiments. Circles represent individual measurements. Symbols shown beyond
the log-scale correspond to control (left) and ionomycin (right).

(K4 =389 nM) and Cal590 (K4 =561 nM) provided dynamic ranges suffi-
cient to resolve resting and activity-dependent changes and further sup-
ported their use for nanodomain studies.

In HEK293 cells and neurons, resting [Ca®'],,, is ~400-800 nM, far
exceeding cytosolic levels (<100 nM). This spatial asymmetry reveals the
functional segregation of Ca** microdomains, where localized influx pre-
ferentially activates nearby effectors (e.g., NCX, CaMKII) without global
cytosolic flooding.

We provide direct evidence that the sub-plasma membrane zone is a
high-Ca>* compartment, dynamically regulated by channels and

transporters. This compartmentalization enables spatially precise signaling,
critical for synaptic plasticity, excitotoxicity, and drug actions.

The [Ca™],, we observed (<1 uM) is markedly lower than values
reported using calcium-activated ion channels (e.g., KCa) as sensors, which
suggest sub-plasmalemmal concentrations around 10 uM™*”. Even higher
[Ca**],,, up to ~50 M was estimated in depolarized smooth muscle cells in
the narrow space between the plasma membrane and SR*. In squid giant
axons, a low-affinity aequorin mutant detected synaptic “hot spots” of
200-300 uM during action potentials”. The lower [Ca®*],, we observed
likely reflects that KCa colocalizes with calcium channels in microdomains,
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Fig. 4 | Visual light-excited dyes as a pair for calcium measurements in neurons.
a Schematics of Forster resonance energy transfer (curved arrow) from membrane
dye Neuro-DIO (green circles) to cytosolic Ca**-sensitive probe Cal590 (orange
stars) in pre-membrane area. b Spectral diagrams depicting two modes of intra-
cellular Ca*" detection. “FRET” section—an excitation of Neuro-DIO by 488 nm
laser and FRET to Cal-590 to reveal pre-membrane Ca’". The gray area depicts an
overlap integral of the donor emission spectrum with the acceptor absorption
spectrum. “Direct” section - a direct excitation of Cal-590 by 543 nm laser to detect
cytosolic Ca**. Dotted and solid curves depict excitation and emission spectra of
Neuro-DIO (green) and Cal-590 (orange), respectively. Chl and Ch2—spectral
emission ranges for detection of Neuro-DIO and Cal-590 fluorescence. ¢ Images of
single cell emission in the membrane area (488 nm excitation) and in the cytosole
(543 nm excitation) in the presence of 30 uM NMDA. d The linear intensity profile
plotted along the line is shown in (c). FRET-induced Cal590 fluorescence shows
association with the membrane. The fluorescence induced by direct excitation is
distributed smoothly along the cytoplasm. e An overlay of Cal590 fluorescence
demonstrating membrane-associated and cytosolic fluorescence of Cal590 in the
same group of neurons. f Emission spectra in the range of 505 to 615 nm of the
membrane area of a neuron in the presence of different NMDA concentrations.
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Spectra are normalized to membrane fluorescence at Fs;,. Solid areas depict emis-
sion spectra of Neuro-DiO (green) and Cal590 (red). The crosstalk between Neuro-
DiO and Cal590 fluorescence at 590 nm was 0.04 of Fs; for normalized reference
spectra. g A plot of fluorescence of Cal590 without Neuro-DiO crosstalk as a
function of NMDA concentration. Black - pre-membrane fluorescence, green -
cytosolic maximum intensity reveals Cal590 saturation with Ca** and roughly
corresponds to the doubled K4[Ca**] of Cal590. Circles and error bars are
means + SEMs, obtained in the presence of NMDA from 20 to 30 experiments.
Circles represent individual measurements. Symbols shown beyond the log-scale
correspond to control (left) and ionomycin (right). hImages of Neuro-DiO and
Cal590-stained neurons captured at different moments ¢, and t, of spontaneous
neuronal activity. ROI1 and ROI2 correspond to the membrane and cytosol regions
ofa single cell. i Fluorescence intensity for membrane area (ROI1) and cytosolic area
(ROLI2) plotted over time for neuron at (h). j Intensity fluorescence diagrams. Mean
values + SEM (shown by bars) of Fluo-8 emission intensities obtained at two time
points #, and t,, corresponding to pre-membrane Ca’" (left, n = 11) and bulk Ca**
(right, n =9). Data are significantly different (***p = 0.0004; ****p = 0.00001,
Student’s paired t-test). Circles connected by lines represent data from single cells.
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reporting local [Ca’],, near entry sites. In contrast, our measurements
evaluated the average [Ca’*],, across the entire plasma membrane,
including regions without Ca’* influx. Additionally, the use of ionomycin to
facilitate calcium entry in our experiments apparently cannot cause calcium
transients similar to those in microdomains in smooth muscle or neurons.

Currently, plasma membrane-targeted GECIs are widely used for Ca**
imaging because they enable genetic targeting to specific cell types or
organelles and allow long-term in vivo studies. However, their expression
levels vary across cell types, and overexpression can disrupt channel gating
and other physiological processes. Even with membrane-targeting
sequences, GECIs often leak into the cytosol or organelles, producing
non-specific fluorescence. Compared to small-molecule probes, they offer
narrower dynamic and spectral ranges, and fast-response variants tend to
saturate in sub-membrane microdomains, impeding detection of local Ca®*
dynamics. Moreover, confocal microscopy remains diffraction-limited,
preventing reliable resolution of near-membrane signals.

The double-staining FRET method addresses several of these limita-
tions. It provides simple, dye-based labeling that is independent of expres-
sion variability, with broader spectral and dynamic ranges than GECIs. The
double-staining approach does not optically overcome the diffraction limits
(~250 nm), but <10nm energy transfer ensures specificity to the sub-
membrane compartment. A practical limitation is that membrane dyes
gradually redistribute into intracellular membranes within hours due to
recycling; therefore, selective plasma membrane measurements are best
performed immediately after staining. Moderate-affinity small-molecule
dyes remain effective in high-Ca’" environments, capturing both basal and
activity-dependent changes with fast temporal resolution. The proposed
method lacks the genetic specificity of GECIs, but it minimizes physiological
interference and requires only the simple procedure of dye loading.

We also demonstrated the possibility of FRET from a membrane
fluorescent label to cytosolic GECI, potentially allowing the advantages of
both approaches to be combined.

Methods

Human embryonic kidney (HEK) 293T cells

Immortalized human kidney embryonic (HEK293T) cells were obtained
from Biolot Ltd. (Russia). Cells were plated onto 7 mm glass coverslips
pretreated with poly-L-lysine (0.2 mg/ml) in 35 mm culture dishes at 1 x 10°
cells per dish. For some experiments, before staining, HEK cells were
transiently transfected with an expression vector encoding NCX1 (Rat
NCX1.1 (pcDNA3.1+), Addgene Cat. #75190) or with GCaMPé6s (pGP-
CMV-GCaMP6s-CAAX, Addgene Cat. #52228) using GenJect-40 reagent
(dia-m.ru, Russia) according to standard manufacturer protocol. Briefly,
transfection was performed by adding to each dish 50 pl serum-free medium
containing 1 pg total DNA and 1 pl GenJect-40. Staining and experiments
were performed 24-72 h after transfection.

Primary culture of cortical neurons

All manipulations on animals were performed in accordance with the
guidelines of the Federation for Laboratory Animal Science Associations
and were approved by the Animal Care and Use Committees of Sechenov
Institute (Protocol 1-6/2022 from 21.01.2022). We have complied with all
relevant ethical regulations for animal use. Briefly, 16 days pregnant Wistar
rats (16 female rats used in this study, supplied by the Sechenov Institute
Animal Facility) were placed in a plastic box connected to a CO, tank by a
tube and then sacrificed by 1 min CO, inhalation. Fetuses were removed,
and then primary cultures of rat cortical neurons were prepared using
conventional procedures as described earlier”. Neurons were grown in
Neurobasal culture medium supplemented with B-27 (Gibco-Invitrogen,
UK) on glass 15 mm diameter coverslips coated with poly-p-lysine and were
used for experiments after 12-14 days in culture.

Fluorescent Labeling
For experiments, HEK cells and neurons grown on glass coverslips were
consequently stained with a FRET pair of cytosolic (acceptor) probe and

then membrane-associated dye (donor). For plasma membrane labeling, we
used CellBrite Blue (Biotium) based on DiB lipophilic blue fluorescent
dye™* or CellBrite Green (Biotium) based on green NeuroDiO***'. Cyto-
solic Ca*"-sensitive probes were Fluo-8-AM (Abcam), Cel-590-AM (AAT
Bio), or GCaMP6s protein.

DiB + Fluo-8 FRET pair. First, HEK cells or neurons were loaded with
Fluo-8 by incubating cells for 30 min in a dish containing 500 pl of Hanks
solution with 1.6 uM Fluo-8-AM (Abcam). After washing, cells were
incubated in Hank's solution for 30 min. For HEK cells expressing
GCaMPé6s, Fluo-8 loading was omitted. Then, the cells were incubated for
60min in 1ml growth media containing 7ul CellBrite Blue
(Biotium) + 7 pl loading buffer (Biotium). Cells were washed out with
Hank’s solution before the experiment. All procedures were done
at 37 °C.

Neuro-DIO + Cal-590 FRET pair. First, neurons were loaded with Cal-
590 by incubating for 30 min in Hank's solution containing 1.6 uM Cal-
590-AM (AAT Bio). After washing, cells were incubated for 5 min in 1 ml
Hank's solution containing 0.4 uL CellBrite Green (Biotium) + 0.02%
Pluronic F-127 (Sigma-Aldrich, P2443). Pluronic was added to facilitate
membrane dye incorporation into neuronal membranes®; otherwise,
staining was too weak. Next, cells were washed and incubated in Hank's
solution for 30 min. All procedures were done at 37 °C.

Image capture

For experiments, coverslips with stained cells were placed in an imaging
chamber (Chamlide CA-PI, volume ~200 ul) and were continuously per-
fused at a rate of 0.5 ml/min with the following extracellular basic solution
(BS) (in mM): 140 NaCl, 2.8 KCl, 2.0 CaCl,, 10 HEPES, at pH 7.3-74.
Images were captured using a Leica TCS SP5 MP inverted microscope.

For DiB + Fluo-8 staining, DiB fluorescence was excited with a two-
photon (2p) laser (Chameleon Ti:Sapphire by Coherent) at 735 nm to
obtain FRET to Fluo-8 (Fig. 1a, b). Alternatively, Fluo-8 was directly excited
with a one-photon (1p) laser at 488 nm. DiB emission was detected by Ch1
photomultiplier (PMT) at 460 + 7 nm. Fluo-8 emission was detected by Ch2
PMT at 515 + 7 nm. Both Ch1 and Ch2 were set to similar gains to achieve
similar PMT sensitivity for these wavelengths. These parameters were also
used to capture images for the DiB + GCaMP6s FRET pair.

For Neuro-DIO + Cal-590 staining, a 1p 488 nm laser was used to
induce Neuro-DIO fluorescence to obtain FRET to Cal-590 (Fig. 4a, b).
Alternatively, Cal-590 was directly excited with a one-photon (1p) laser at
543 nm. Neuro-DIO emission was detected by Chl PMT at 515+ 7 nm.
Fluo-8 emission was detected by Ch2 PMT at 589 + 7 nm. Both Chl and
Ch2 were set to similar gains to achieve similar PMT sensitivity for these
wavelengths.

To capture images of individual HEK293 cells or neurons, the max-
imum available magnification was used, which limited the field of view to
only a few cells.

To obtain emission spectra, lambda stacks were captured using the
automated “xy\” function of Leica LAS AF software. DiB + Fluo-8 emission
was obtained under 2p 735 nm laser excitation without a dichroic mirror.
Frames were captured at 10 nm bandwidth, with a 7 nm step advancement
from 400 to 600 nm (29 steps). NeuroDio + Cal590 emission was obtained
under 1p 488 nm laser excitation with SP500 dichroic mirror. Frames were
captured at 10 nm bandwidth, with a 6 nm step advancement from 500 to
620 nm (20 steps). Gain and laser intensity settings were adjusted to avoid
detector saturation and were not altered during the experiment.

Calcium responses of cells were elicited either by the addition of 5 uM
ionomycin or, in the case of neurons, by stepwise increases in the con-
centration of NMDA (glycine 10 uM was added as a co-agonist).

Image analysis
Image analysis was done in Leica LAS AF software. To detect premembrane
Ca’*, mean fluorescence intensities were measured in regions of interest
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(ROIs) outlining the membrane area. For each ROI from the fluorescence of
the calcium-sensitive probe, the crosstalk was subtracted from the fluores-
cence of the membrane dye. Particularly, Fluo-8 fluorescence was calculated
as Fs5;5—Fye0 * 0.08, where Fy and Fs;5 correspond to peak emissions of
DiB and Fluo-8, respectively (Fig. 3e). Likewise, Cal590 fluorescence was
calculated as Fsgg—Fs19 * 0.04, where Fsy and Fsgy correspond to peak
emissions of NeuroDiO and Cal590 (Fig. 4f). To detect cytosolic Ca’™,
additional ROIs were selected for the cytoplasm of cells, excluding the
plasma membrane.

Statistics

Quantitative data are expressed as mean = SEM. GraphPad Prism software
was used to compare groups of measurements using Student’s two-tailed
t-test. Each recording obtained from a single coverslip was considered an
independent experiment. The number of experiments is indicated by .
The level of statistical significance was set to p < 0.05. Data marked by ***,
or **** are significantly different with p < 0.001, or p < 0.0001, respectively.
Approximations of the data were performed with the usage of Origin Pro
software. Obtained values were averaged between experiments and pre-
sented as means + SEM.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Supplementary Data contains source numerical values used for plotting
graphs and statistical comparisons for all figures containing the numerical
data (Figs. 11, j, h, 2f, 3f, 4g, and j). Supplement A contains a video illustrating
the sub-plasma (green) and cytosolic (red) Ca** compartments revealed by
double staining of neurons with NeuroDiO and Cal590 (see Fig. 4e). All
other data are available from the corresponding author on reasonable
request.
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