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Dynamic Ca?* imaging with a simplified lattice light-sheet
microscope: A sideways view of subcellular Ca2+ puffs

Kyle L. Ellefsen? and lan Parkerab
aDepartment of Neurobiology and Behavior, University of California, Irvine, CA92697

bDepartment of Physiology and Biophysics, University of California, Irvine, CA92697

Abstract

We describe the construction of a simplified, inexpensive lattice light-sheet microscope, and
illustrate its use for imaging subcellular Ca2* puffs evoked by photoreleased i-1P3 in cultured SH-
SY5Y neuroblastoma cells loaded with the Ca2* probe Cal520. The microscope provides sub-
micron spatial resolution and enables recording of local Ca2* transients in single-slice mode with a
signal-to-noise ratio and temporal resolution (2ms) at least as good as confocal or total internal
reflection microscopy. Signals arising from openings of individual IP3R channels are clearly
resolved, as are stepwise changes in fluorescence reflecting openings and closings of individual
channels during puffs. Moreover, by stepping the specimen through the light-sheet, the entire
volume of a cell can be scanned within a few hundred ms. The ability to directly visualize a
sideways (axial) section through cells directly reveals that IP3-evoked Ca2* puffs originate at sites
in very close (< a few hundred nm) to the plasma membrane, suggesting they play a specific role
in signaling to the membrane.
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1. Introduction

Calcium serves as a universal intracellular messenger, controlling numerous cellular
processes as wide-ranging as gene transcription, secretion, electrical excitability and cell
proliferation [1]. The versatility of Ca2* signaling crucially depends on mechanisms by
which cytosolic Ca2* elevations are generated and transmitted to act over very different time
and distance scales - ranging from cell-wide oscillatory waves with periods of minutes to
local transient nanodomains lasting only milliseconds [2-4]. This is exemplified by pathway
mediated by the second messenger inositol trisphosphate (IP3). IP3 is generated in response
to activation of cell surface G-protein coupled receptors, and diffuses in the cytosol to bind
to IP3 receptor/channels (IP3Rs) in the membrane of the endoplasmic reticulum (ER),
causing them to open and release Ca?* ions sequestered in the ER lumen. The resulting
cytosolic Ca2* elevations form a hierarchy of signaling events, with increasing amounts of
IP5 progressively evoking Ca2* liberation from individual IPsRs (Ca2* blips: [5]); local Ca2*
signals arising from the concerted openings of several IP3Rs within a cluster (puffs; [6,7]);
and global Ca?* waves that propagate through the cell [8,9].

Given that the actions of local Ca2* signals may be restricted to effectors (such as channels,
transporters and binding proteins) located within sub-micron distances from the Ca2* source,
we would ideally like to know the precise location of these signals as well as their
magnitude and time course. Following the introduction of small-molecule fluorescent CaZ*
probes [10] it became possible to image cellular and subcellular Ca?* signals with good
fidelity. Nevertheless, technical limitations have always necessitated a tradeoff between the
resolution achieved in the three spatial dimensions (x,y,z), in time, and in the fifth
‘dimension’ of signal amplitude and signal-to-noise ratio. Early experiments employing
photometric measurements from a single, stationary confocal spot within a cell, yielded
excellent (millisecond) time resolution, but at the expense of providing essentially no spatial
information [11]. The subsequent use of camera-based, wide-field fluorescence microscopy
extended resolution to the x-y plane, but with little discrimination in the axial (z) dimension
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[12]. During the 1990’s confocal linescan imaging [13] became popular for studies of local
Ca?* signals (sparks [14] and puffs [15]), enabling good temporal resolution along a single
spatial dimension, but sampled only a tiny fraction of the cell volume and suffered
difficulties in interpreting signals that arise from Ca?* diffusing from release sites away from
the scanned line. By raster scanning of the laser spot, confocal [15] and 2-photon
microscopy [provide 2-dimensional (x-y) images from relatively thin (<1 pm) optical
sections, but their temporal resolution is limited by the speed at which the laser spot can be
scanned. More recently, total internal reflection fluorescence (TIRF) microscopy has enabled
fast camera-based imaging of an extremely thin (a few hundred nm) optical section formed
by the evanescent field adjacent to the coverglass [16—18]. We had described the use of TIRF
microscopy as an optimal modality for imaging Ca2* flux through individual plasmalemmal
channels [19] and puffs arising in close proximity to the plasma membrane at the base of
cultured cells [20], but this approach cannot be used to study processes deeper into the cell.

Light-sheet microscopy (selective plane illumination; SPIM) is alternative technique for
time-resolved imaging of an optical section through cells. This works by projecting a thin
sheet of excitation light through the specimen, and imaging the resulting fluorescence
through a second, orthogonal objective lens. A particular advantage is that excitation light is
restricted to the imaging plane, thereby minimizing effects of photobleaching and
photodamage associated with confocal excitation [21]. Moreover, in contrast to TIRF
microscopy, the light-sheet can be positioned to slice through any part of the cell, and can be
scanned to render a 3-D volumetric image. Light-sheet microscopy has become the method
of choice for imaging relatively large specimens, such as developing embryos, but had been
of limited applicability for subcellular imaging because sufficiently thin and extended
conventional light-sheets cannot be created with Gaussian beams. This limitation was
mitigated by the invention of lattice light-sheet microscopy [22], wherein an array of Bessel
beams creates a thin (< 1 pm) virtual light-sheet extending over tens of micrometers.

Commercial lattice light-sheet (LLS) microscopes based on the original Betzig prototype
[22] have only recently become available, but at a price (~$700Kk) that puts them out of reach
for most individual labs. We thus constructed a simplified, relatively inexpensive system
based on the same principles. Here we describe the design of this microscope, and illustrate
its use for studying the localization and kinetics of Ca?* puffs within cultured neuroblastoma
cells.

2. Experimental Methods

2.1 Lattice light-sheet microscope

We constructed a microscope largely following the original Betzig HHMI prototype design
[22], but with simplifications and cost-saving measures; notably the use of a custom
graticule to generate lattice patterns in place of a spatial light modulator, and use of standard
Nikon 40x NA 0.8 water-dipping objectives for both projection and imaging lenses. The
schematic of the optical system is shown in Fig. 1. Laser beams from solid-state 478 and 562
nm lasers are combined, expanded and then passed through two pairs of cylindrical lenses to
create a parallel beam of light as a thin slit that impinges on a custom graticule to generate
the lattice pattern. A half-wave plate and polarizing beamsplitter enable continuously
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variable attenuation of the laser intensity. The graticule (Benchmark Technologies, Lynnfield
MA\) is etched with multiple lattice patterns (Fig. 1C) of varying periodicities that can be
selected by vertical translation of the graticule in front of the light beam. The CAD file for
the graticule can be downloaded at https://github.com/kyleellefsen/light_sheet controller/
blob/master/docs/reticle_cad.dwg. A converging lens placed one focal length beyond the
graticule forms an image of the diffraction pattern (Fourier transform) of the lattice at its
focal point, where an annular mask is placed to block the zero and higher order diffraction
patterns, passing only the first order to generate a pattern (Fig. 1C) that is re-imaged via
relay lenses onto the rear pupil of the projection objective. The annular mask graticule is
mounted on a motorized translation stage, so that it can be rapidly moved to match the
change in size of the diffraction patterns formed by the different wavelengths of laser light.
A pair of relay lenses (rl 1,2) project a reduced image of the rear pupil pattern passing
through the annular mask onto a galvanometer-driven mirror that can be rapidly oscillated to
dither the light-sheet pattern projected onto the specimen. Cover slips (acting as partially
reflective mirrors) placed between the relay lenses divert a small fraction of the light through
lenses to project images of the light-sheet pattern and the pattern formed at the rear pupil
onto a viewing screen to assist in aligning the optics. Light reflected by the dither
galvanometer mirror then passes through a further pair of relay lenses (r3, r4). These form a
conjugate image of the annular aperture at the rear pupil of the 40x NA 0.8 water-dipping
projection lens, which then projects the light-sheet into the specimen.

A separate light path projects near-UV (405 nm) light from a 20 mW violet laser module via
a dichroic mirror through the imaging objective to induce photorelease of i-1P3 from caged i-
IP3 loaded into the cells. The intensity of the photolysis flash is controlled by a variable
neutral density filter and its duration by an electronic shutter.

Fluorescence excited in the cells is collected by an identical, orthogonally mounted detection
objective focused coincident with the light-sheet, and is projected through a 500 mm tube
lens onto a SCMOS camera (Andor Zyla 4.2) providing a final magnification of 105 nm per
pixel. A motorized filter changer enables interchange of emission filters appropriate for
different fluorophores and laser lines. The projection lens is rigidly mounted, whereas the
imaging lens is mounted on a 3-axis translation stage to enable it to be positioned and
focused at the same plane as the projected light-sheet. Cells are cultured ona 1 cm
coverglass, which is adhered with vacuum grease to a light cantilever attached to a single-
axis piezoelectric translation stage. That, in turn, is mounted on a 3-axis translation stage
driven by manual differential micrometers. The piezo is controlled by custom software to
step the specimen through the light-sheet, in coordination with image acquisition by the
camera. Image acquisition is controlled by Micro-Manager open source microscopy
software (https://micro-manager.org/). For maximal temporal resolution the camera is
operated in free-running internal trigger mode, to acquire images from a single light-sheet
slice at rates up to 500 fps. For 3D imaging the camera is operated in ‘external triggered’
mode, so that a TTL trigger generated by custom software initiates acquisition and
determines the frame acquisition time. The camera is typically set to acquire from a central
region of interest of 512 x 256 pixels, corresponding to about 50 x 25 um at the specimen,
which largely encompasses the usable extent of the light-sheet. In conjunction with the ~100
pum maximum deflection of the piezo, the maximum volume that can be imaged is thus about
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100 x 50 x 18 um (x,y,z in conventional rectangular coordinates, with the z dimension = 25
x V2 um because of the 45° diagonal scan).

2.2 Microscope control software

Custom written software (‘flika”) is used for both control of the microscope and camera
during image acquisition, and for post-processing of acquired image stacks [23]. This open-
source software written in the python programming language is freely available for
download at https://github.com/kyleellefsen/light_sheet controller and https://github.com/
kyleellefsen/light_sheet _analyzer. A stand-alone program ‘light-sheet controller’ enables 3D
image acquisition by synchronizing camera triggering with control of the piezo stepper, the
dither galvanometer, laser activation, exchange of emission filters and lateral positioning of
the annular aperture by generating analog voltages and TTL pulses from two National
Instruments USB interfaces (NI USB 6001). A screenshot of the dialog box is shown in Fig.
2A, and Fig. 2B illustrates representative waveforms generated by the software. Sliders
allow the displacement of the scan and the number of steps in the scan to be adjusted, in
units of the camera pixel size at the specimen, as calibrated by the mV/pixel that sets the
piezo displacement corresponding to the pixel size. At the beginning of each stepa TTL
pulse (white spikes, Fig. 2B) triggers acquisition of a new camera frame, so the step duration
slider controls both the duration at a step position and the frame acquisition time. During
each frame acquisition time the dither galvanometer is driven through a single sinusoidal
cycle (green trace, Fig. 2B), with peak-to-peak amplitude typically set to a displacement of
about 3 um at the specimen. At the end of the volume scan, the piezo position returns to the
starting point, over a time set by the flyback duration slider. The piezo control signal is
damped to minimize mechanical ringing following abrupt transitions (red trace, Fig. 2B),
and in practice we find a minimum flyback duration of about 20 ms is needed to minimize
ringing following a maximum displacement scan. A checkbox enables switching between
the regular mode with flyback to the starting position between scans, and a high-speed bi-
directional triangular scan mode. A further checkbox enables laser and emission
wavelengths to be alternated between successive scans, with a TTL signal serving to shutter
the lasers, alternate positions of the annular mask, and alternate emission filters. A set of
buttons allow three configurations of all of these settings to be stored and recalled.

2.3 Cell preparation and imaging

SH-SY5Y neuroblastoma cells were cultured as described previously [7] and plated on 1 cm
circular coverslips [24] that were mounted on the piezo stage of the LLS using vacuum
grease to adhere it to the cantilever. Before imaging, cells were loaded by incubation with
membrane-permeable esters of the Ca2* indicator Cal-520; a caged precursor of a slowly
metabolized IP5 analog, i-IP5 (SiChem; #cag-iso-2-145-10); and EGTA, a slow Ca2* buffer
introduced to inhibit propagation of cytosolic Ca?* waves and sharpen the spatio-temporal
profile of puffs [25]. Cells were further incubated for 10 min with 1/10,000 Cell Mask Deep
Red membrane plasma membrane stain (ThermoFisher), and in some experiments with
Nuclear-1D Red (Enzo Life Sciences) to label the nucleus. Cells were imaged at room
temperature in a HEPES buffered salt solution containing 2 mM Ca2*. Images were first
recorded at fast (250 or 500 fps) frame rates using 473 nm excitation and green bandpass
(520 + 20 nm) emission filters to record Ca?* fluorescence signals reported by Cal520.
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Image frames were then acquired after switching to 562 nm excitation and a long-pass (>590
nm) emission filter to visualize the plasma membrane stained with Cell Mask Deep Red.
Following sustained exposure to 562 nm light we found that the fluorescence of Nuclear-1D
Red stain increased substantially, and acquired a final set of images after about 30s exposure
to generate a composite image (e.g. Fig. 5A) with the plasma membrane depicted in red and
nucleus pseudocolored in blue.

2.4 Image processing and analysis

We process single-slice (x,y,t) image stacks acquired at a single position in the specimen
using the custom flika image processing and analysis software [23]. Image stacks are
imported as 16 bit multi-plane TIFF files. To detect puffs, each movie was processed to
create two movies: the F/Fg movie and a spatially and temporally filtered movie. First, the
camera black level was subtracted from the movie. Then, to produce the F/Fg movie, for
every frame, each pixel’s value was divided by its average value before the UV flash. To
create the spatially and temporally filtered movie, first the UV flash artifact was removed by
setting all pixel values of the F/Fg movie during the flash to 1. Then a high pass Butterworth
temporal filter was applied to remove low frequency signal fluctuations. To normalize the
amplitude of the noise across pixels, each pixel in the movie was then divided by the
standard deviation of the pre-flash baseline movie. Each frame was blurred with a Gaussian
kernel to remove high spatial frequency noise. Finally, because the location of the IP3Rs
underlying puffs is more correlated with the centroid of the Ca2* signal from the initial
frames than the later frames of each puff, we applied a difference filter which each frame by
the prior frame. This filter emphasized the rising phase of each puff.

These two movies - the F/Fg movie and the filtered movie — were then passed into the
custom detect_puffs plugin. The detect_puffs plugin applies a threshold to the filtered movie
to detect pixels with activity significantly above the background noise. It then uses a novel
clustering algorithm to determine the spatial-temporal extent of each discrete puff. Finally it
fits a 2D Gaussian function to determine the subpixel centroid position of each signal, which
in this case is the centroid of each puff during its rising phase.

Nucleus, membrane, and puff images were aligned manually and overlaid using a custom
script. Distances from puffs to the plasma membrane were determined by manually tracing
the membrane and, for each event, calculating the minimum distance from each puff to the
membrane outline. The proportion of the cell membrane adjacent to the coverglass was
determined by manually tracing the membrane perimeter from single-slice images.

For three-dimensional reconstruction, image stacks generated by piezo scanning of the
specimen are processed by a plugin (‘light-sheet analyzer) for the custom flika image
processing and analysis software. Image stacks are imported as 16 bit multi-plane TIFF files.
After specifying the number of steps per volume, the program transforms the series of
diagonal slices into a 4D (X, Y, z, time) volume with orthogonal Cartesian coordinates. The
volume can be viewed as selected slices or maximal intensity projections in x-y, x-z and y-z
planes, and exported for viewing in software such as Imaris.
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3. Results

3.1 Optical characterization of the lattice light-sheet microscope

To assess the performance of the microscope, we determined the point-spread function (psf)
by imaging 100 nm red FluoSpheres (ThermoFisher) deposited on a coverslip. Images were
acquired stepping the coverslip in 100 nm increments, and Fig. 3A shows examples of the
psf derived from a single bead after transforming to conventional x,;z coordinates. To
quantify this we fitted 3D Gaussian functions, obtaining mean widths (full width at half-
maximal amplitude: FWHM) of 473 £ 8 nm in X, 464 + 10 nm in y, and 780 £ 17 nm in z n
= 6 beads. To estimate the lateral extent over which the light-sheet remained acceptably thin
we imaged the fluorescence excited when the light-sheet impinged on a coverglass coated
with a film of Dil (Fig. 3B). The width of the fluorescence stripe provides a measure of the
thickness of the light-sheet, and we determined the FWHM as the coverglass was axially
translated (Fig. 3C). The width remained ~1.2 um over a lateral extent (distance along the
plane of the light-sheet) of about 20 um, corresponding to an axial extent of ~14.5 pm;
sufficient to encompass the height of most cultured cell types.

3.2 Dynamic light-sheet imaging of subcellular Ca2* signals

To explore the capability of lattice light-sheet microscopy for studying local subcellular
Ca?* signals we loaded SH-SY5Y neuroblastoma cells cultured on 1 cm coverslips with the
Ca?* indicator Cal520 together with caged i-IP3 and EGTA [26]. In some experiments cells
were further incubated with Cell Mask Deep Red to stain the plasma membrane, and with
Nuclear-1D Red to stain the nucleus. Ca2* imaging was done using 473 nm laser excitation
and a 510-560 nm bandpass emission filter, whereas plasma membrane and nuclear imaging
used 563 nm laser excitation and a 590 nm long-pass emission filter. Mechanical interchange
of the emission filters and annular aperture appropriate to each laser wavelength required
about 0.5 s, so images of membrane and nuclei were obtained after capturing a sequence of
Ca?* images.

We describe two modes of imaging, representing different trade-offs between temporal and
spatial resolution. In the first mode (‘single slice’) the piezo remained at a fixed position, so
that sequential images were acquired at fast frame rates from a single diagonal plane through
the cell. This enables excellent temporal resolution (500 fps or faster), but at the cost that
only a small fraction of the cell is sampled, and that blurred fluorescence signals arising
from Ca2* diffusing from sites beyond the light-sheet cannot be unambiguously identified.
In the second mode (‘volume imaging’) the sample was scanned by the piezo stage to
encompass a part, or the whole of the cell volume. The temporal resolution was then
determined by the dwell time per slice and the number of slices per volume; the latter, in
turn, a trade-off between the maximum extent of the scan and the spatial resolution in terms
of the spacing between slices.

3.3 Single-slice Ca?* imaging

Fig. 4A illustrates selected frames from a record (online Movie 1) where Ca2* puffs evoked
by photorelease of i-1P3 were imaged in a single diagonal slice (frame rate 250 s™1) from a
clump of SH-SY5Y cells loaded with Cal520. The laser and emission filter were then
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switched to image a deep red membrane stain, and the panels show the cross section of the
plasma membranes in red, with puffs (ratio changes in Cal520 fluorescence relative to the
baseline fluorescence before stimulation) overlaid in grey scale. The top left frame, showing
only the membrane stain, was acquired before stimulation, and subsequent panels illustrate
snapshots of stochastic puffs arising at different locations in two cells. The traces in Fig. 4B
show fluorescence records of several repeated puffs arising at the sites numbered in the top
left panel of Fig. 4A.

3.4 Ca?* puffs originate around the cell periphery

We had previously reported that puffs can be recorded with high fidelity by TIRF
microscopy [7,27], indicating that some sites of Ca2* release must lie close to the plasma
membrane. However, wide-field fluorescence imaging of the same cells revealed further puff
that were not apparent with TIRF illumination, leaving open the question of whether those
puff arose in the interior of the cell, or near the plasma membrane on the “far’ side of the
cell. By diagonal slice LLS imaging we find that puffs arise predominantly, if not
exclusively, around the cell periphery in proximity to the plasma membrane.

To locate puff sites we used the custom flika software [23] to localize the centroid positions
of fluorescence signals during puffs recorded by single-slice LLS imaging. The green dots in
Fig. 5A mark centroid locations of puffs arising within 6 cells, counterstained to show the
plasma membrane (red) and nucleus (blue). The majority of these localizations were
distributed around the plasma membrane. However, some fluorescence signals, which tended
to be of lower amplitude and more diffuse spatial spread, gave localizations deeper in the
cell or even slightly outside the cell. We interpret these signals as arising from puff sites
located beyond the plane of the light-sheet, with fluorescence ‘bleeding through’ because of
the finite point-spread function of the microscope and the diffusion of Ca2* in the cytosol.
For example, we believe the localizations circled in the lower right panel of Fig. 5A likely
arose from puff sites located on the cell membrane where it curved around behind or in front
of the light-sheet section.

The membrane-associated puff sites further appear to be distributed around the perimeter of
the cell without marked preferential localization to the footprint of the cell contacting the
coverglass. In 24 cells adherent to the coverglass we counted 49 puff sites (39% of total)
adjacent to the coverglass, as compared to 76 (61%) around the remainder of the cell
periphery; a ratio roughly comparable to the proportion (28%) of the membrane periphery in
these cells that was in contact with the coverglass.

3.5 Puff sites in relation to the nucleus

The nucleus occupies a substantial fraction of the cell volume in SH-SY5Y cells. Thus, the
apparent plasmalemmal localization of puff sites might arise if puffs originated from clusters
IP3R channels in the nuclear membrane [28] where this lay close to the plasma membrane,
or from regions of the ER constrained to a thin circumferential band between the nucleus
and cell membrane. To address this issue we imaged Ca2* puffs in cells counter-stained to
visualize both the plasma membrane and nucleus (Fig. 5 and online Movie 2). As illustrated
in Fig. 5A, we observed several puffs that localized to regions where the nucleus was closely
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apposed to the membrane. The fluorescence signals during these events were elongated in
comparison to puffs arising at plasma membrane regions distant from the nucleus (Fig. 5B),
suggesting that Ca2* diffusion was confined to a narrow space between the nuclear and cell
membranes.

Although the resolution of our images is insufficient to directly discern whether nuclear-
associated puffs arose from IP3R channels located in the nuclear or plasma membranes, the
latter explanation is the more likely. In recordings from 15 light-sheet slices we observed 45
plasma membrane-associated puff sites distant from nuclei, 38 sites at regions where the
nucleus was closely apposed to the plasma membrane, but no sites where puffs clearly
originated at regions of the nuclear envelope well separated from the plasma membrane.

3.6 Proximity of active IP3R clusters to the plasma membrane

To estimate the proximity of puff sites to the plasma membrane, we measured the distances
of fluorescence localizations to the closest point on the plasma membrane as stained by the
Deep Red marker. The histogram bars in Fig. 6A show the distribution of distances
measured in the 6 cells illustrated in Fig. 5A. The centroids of most puffs lay within about
500 nm of the membrane, and almost all within 1 pm.

The algorithm used to determine puff centroids works by fitting a two-dimensional Gaussian
function to the distribution of the fluorescence signal. In the case of radially-symmetric
diffusion of Ca2*-bound indicator in the imaging plane, such as puffs recorded by TIRF
imaging, the centroid location is expected to map closely onto the source of the Ca*
release; i.e. the location of the active IP3R channels [29]. However, this would not be the
case for axial light-sheet images, where diffusion of Ca2* from sites next to the plasma
membrane would be constrained by the membrane. The measured distances of puff centroid
localizations from the membrane in Fig. 6A are thus likely to overestimate the true
separation of the Ca?* release sites from the membrane. To better estimate how closely the
IP3R channels generating puffs might be to the membrane we selected events with narrow
spatial extent suggesting that they arose from sites in-focus with the plane of the light-sheet.
Fig. 6B shows an example, with the extent of the fluorescence signal averaged over its
duration depicted in red, the adjacent plasma membrane in white, and green dots marking
the centroid positions of the fluorescence signal during individual frames. Fig. 6C further
shows a kymograph image of this event, averaged along the line marked in yellow on panel
B, with time running horizontally and distance along the line vertically. Ca2* fluorescence is
in white, and the location of the plasma membrane in red; the timescale is as marked on the
trace plotting the fluorescence ratio signal (AF/Fp) measured from a region of interest
centered on the puff site. The mean centroid location of the Ca2* fluorescence was displaced
only about 300 nm from the centerline of the membrane image. In light of the expected
asymmetrical, hemispheric diffusion of Ca2* into the cytoplasm away from the membrane
boundary, and the resolution limit imposed by the point-spread function of the microscope, it
therefore seems the source of the Ca2* signal must have been within <300 nm of the
membrane.
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3.7 Temporal resolution and signal-to-noise ratio

The fidelity with which local Ca2* signals can be recorded utilizing soluble fluorescence
indicator dyes involves a trade-off determined by the cytosolic volume from which
fluorescence is recorded. Model simulations show that as the imaging volume centered on a
release site is reduced the kinetics of the fluorescence signals improve and more closely
track the underlying Ca2* flux, whereas the signal-to-noise ratio diminishes because fewer
indicator molecules are present within that volume [30]. We had previously described that
measurements obtained by TIRF imaging, encompassing a sampling volume of about 1 x 1
x 0.2 um (~0.2 fl), enabled a temporal resolution of a few ms. Moreover, the signal-to-noise
ratio was sufficient to resolve Ca2* flux through single channels, as well as stepwise changes
in fluorescence during puffs thought to reflect the openings and closings of individual IP3R
channels in a cluster [7].

How then do lattice light-sheet recordings compare with TIRF recordings? The inset trace in
Fig. 7 shows a puff recorded by the LLS at 500 fps from a 1 x 1pm region of interest
centered on a site that was in sharp focus; the sampling volume would thus have been ~1 fl,
taking into account the thickness of the light-sheet. Both the rise and fall of the fluorescence
signal were complete within two frames (4 ms), providing an illustration of the temporal
resolution of the recordings. Fig. 6 further shows representative examples of local Ca2*
signals recorded at a rate of 250 fps from a single puff site. The traces show both ‘square’
events (CaZ* “blips’), resembling single channel recordings, and larger puffs with distinct
stepwise transitions at levels corresponding roughly to multiples of the single-channel
amplitude (AF/F, ~0.095; marked by horizontal lines in Fig. 7). The standard deviation of
the baseline noise was about 0.03 AF/F, representing a signal-to-noise ratio of about 3:1 for
detection of elementary Ca?* blips arising from openings of individual 1P3Rs. This closely
matches the sensitivity we typically achieve in TIRF recordings, with a noise standard
deviation of about 0.03 AF/F, for the equivalent frame rate (250 fps) and region of interest
(1 pm2).

3.7 Volume imaging

Single-slice imaging provides excellent temporal resolution of dynamic local Ca2* signals,
but samples from only a small fraction of the cell volume. By scanning through the sample
puff sites can be mapped throughout the entire volume of cells, but with a sacrifice in
temporal resolution. Fig. 8 shows x-y (A; ‘top view’) and x-z (B; “side view’) sections from
3D reconstructions of a clump of SH-SY5Y cells stained with Deep Red membrane marker,
illustrating Ca2* puffs arising at different locations and times. The reconstructions were
formed from 64 slices, acquired at 4 ms intervals and 400 nm steps. The total acquisition
time per volume, including 25 ms flyback time, was thus about 280 ms. Given that the
typical duration of Ca2* puffs is only about 100 ms, a puff would be captured, at best, only
during a single scan; and as many as two-thirds of events may have been missed because
they occurred while the scan progressed through a different region. Nevertheless, repeated
scans over several seconds would serve to locate most sites given that multiple puffs
generally recur at fixed locations (e.g. Fig. 4B).
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4. Discussion

4.1 A low-cost lattice light-sheet microscope

The microscope we describe is based on the design by Eric Betzig [22], with modifications
to simplify construction and reduce cost. One simplification is the use of a fixed graticule to
generate the lattice pattern, rather than a programmable spatial light modulator. This is not
expected to result in degradation of optical performance, but the need to mechanically
interchange the annular aperture to match the diffraction pattern for different laser
wavelengths imposes a delay of a few hundred ms, so multi-color imaging can be done only
on a volume by volume basis, rather than slice by slice. Another major difference is the use
of an identical pair of inexpensive Nikon 40x NA 0.8 water-immersion objectives (costing
about $5Kk) in place of a custom projection lens and 25x NA 1.1 imaging objective (together
costing > $50k). Optically, there should be little compromise in terms of projection of the
light-sheet; both projections lenses have similar NA, and the specialized feature of the
custom lens is only the narrow angle of its snout, allowing it to fit orthogonal to the high-NA
imaging lens. Because of the smaller NA of our imaging lens (0.8 vs 1.1) the light collection
efficiency (which varies as the square of NA) will be lower by about 50%, with a theoretical
loss of resolution from about 220 to 340 nm and a wider effective thickness of the light-
sheet. For the purpose of Ca2* imaging the degraded resolution and section effect may be
largely moot, as diffusion blurs the fluorescence signal to a much greater extent than the
microscope point-spread function.

We believe that LLS imaging represents a powerful adjunct to the available toolkit of Ca2*
imaging modalities. The system we described can be built for a cost little more than that of a
home-built TIRF microscope, although would-be constructors should be warned that
assembly and alignment are considerably more difficult. Major advantages are the ability to
image axial slices with a temporal resolution limited only be the camera frame rate and
photon budget; minimal photobleaching and phototoxicity, enabling long-term imaging or
use of high excitation intensities to maximize signal-to-noise ratio; and capability of
volumetric, 3D imaging at relatively fast rates. LLS and TIRF microscopy share the
advantage that fluorescence excitation is limited to the focal plane that is imaged, and in
both cases the temporal resolution is largely determined by the frame rate of the camera that
is used. In practice, we obtain a similar signal-to-noise ratio (about 3:1) in terms of the
elementary Ca?* signals generated by openings of individual IP3R channels recorded by
LLS and TIRF microscopy. However, the major limitation of TIRF microscopy is its
restriction to imaging only a 2D plane immediately adjacent to the coverglass, leaving the
bulk of the cell unexplored. Although the TIRF optical section is thinner than with LLS
microscopy (respectively, <200 nm vs. ~1 um; corresponding to diffraction-limited imaging
volumes of ~0.01 fl vs. ~0.2 fl), that advantage would not be expected to be important for
Ca?* signals that diffuse over distances > 1 pm.

We illustrate here the application of LLS microscopy for high spatial and temporal
resolution of local subcellular Ca2* signals, and envisage that LLS imaging will further be
advantageous for imaging in thin tissues; for example for studies of vascular myoendothelial
Ca?* coupling [31].
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4.2 A sideways look at Ca?* puffs

We had previously described that puffs can be recorded by TIRF microscopy [7,20],
indicating that that these Ca?* fluorescence signals are present in the thin evanescent field
encompassing the cell membrane and cytosol immediately adjacent to the coverglass.
However, additional puffs could be observed by widefield microscopy that might have arisen
at sites within the cell interior, and the fluorescence signals observed in TIRF could result
from Ca2* diffusing from release sites located a micron or more from the cell membrane.
The axial view provided by light-sheet microscopy directly resolves these questions, by
demonstrating that Ca2* puffs arise almost exclusively at peripheral sites around the plasma
membrane, rather than being generated from the ER in the cell interior. Moreover, puff sites
appear to be situated within no more than a few hundred nm of the membrane, a maximal
estimate set by the resolution of the LLS microscope and the diffusional spread of the
fluorescent CaZ* indicator. This proximity may explain a surprising finding from TIRF
imaging, namely that the fluorescence ratio (AF/F,) signal corresponding to Ca2* flux
through individual IP3R channels is remarkably consistent (AF/F, ~ 0.11) between different
puff sites and across different cells [7,32]. Although the ratio is expected to normalize for
factors including differences in indicator loading and how closely the cell adheres to the
coverglass, it would vary if the clusters of IP3Rs that generate puffs were situated at
differing distances from the cell membrane. Indeed, the close membrane localization
identified by LLS imaging makes a case that, for many purposes, TIRF microscopy may
actually be the preferred modality for studying Ca2* puffs. The TIRF footprint of a cell
encompasses a large fraction of the total membrane area, whereas the light-sheet samples a
much smaller slice. And, all puffs arising in the TIRF footprint will be in focus, whereas
interpretation of LLS images is confounded by Ca2* diffusing from sites either side of the
light-sheet; likely explaining why we find that magnitude the single-channel AF/F, signal is
less consistent than with TIRF microscopy.

In light-sheet slices through the center of cells we found that many puffs arose at sites
located where the nuclear envelope lay close to the plasma membrane. In these cases the
Ca?* fluorescence signal appeared confined between the nuclear and cell membranes,
spreading longitudinally, but without spreading into the nucleus. The resolution of the
microscope is insufficient for us to discriminate whether CaZ* was released from sites
associated with the plasma or nuclear membranes, but the former possibility is the more
likely, because we failed to detect any puffs that clearly arose from regions of the nucleus
distant from the plasma membrane. That finding is surprising, because patch clamp
recordings from isolated nuclei reveal a high density of functional 1P3Rs [28]. As with IP3Rs
in the bulk of the ER, it seems that the nuclear IP3Rs may have lower sensitivity to IP3 than
those at puff sites.

Our observations reinforce the view that Ca2* puffs are generated by clusters of IP3R
channels that are located at immobile sites adjacent to the plasma membrane, and which
constitute only a small fraction of the total number of IP3Rs in the cell [7,18,33-36].
Although the fluorescence signal during puffs extends over one or two microns this results
largely from the diffusion of Ca2*-bound indicator, whereas the spread of free Ca2* ions in
the cytosol from a cluster of IP3R channels is predicted to be much narrower [30,37]. The
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close proximity of puff sites to the plasma membrane thus suggests that puffs — which are
preferentially generated at low concentrations of IP3 — serve autonomous, spatially-localized
roles to regulate plasmalemmal functions, in addition to their role in triggering propagating,
global CaZ* waves at higher [IP3] (5). Moreover, the location of puff sites adjacent to the
plasma membrane would favor their activation by IP3 generated from endogenous cell
surface G protein-coupled receptor signaling, even in the face of hindered cytoplasmic
diffusion of IP3 [38,39]. The mechanisms by which clusters of IP3Rs in the ER are targeted
to specific, stationary sites near the plasma membrane remain unknown. It will be interesting
to determine whether these sites correspond to the ER/plasmalemmal junctions initially
identified by electron microscopy [40], and how puff sites may relate to the punctae where
STIM1 molecules in the ER membrane interact with Orai channels in the plasma membrane
to mediate store-operated Ca2* entry [36,41].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
A simplified, inexpensive lattice light-sheet microscope is described.

The microscope images local Ca2* puffs in 4D with high spatio-temporal
resolution.

Ca?* puffs arise in close (sub-micron) proximity to the plasma membrane.
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Fig. 1.

Schematic of the LLS microscope. (A) Optical path. Components within the grey box are
mounted on a vertical breadboard; other components are mounted on the horizontal surface
of an optical table. (B) Photograph of the LLS microscope. Blue line indicates the path of
the fluorescence excitation light; green line the fluorescence emission; and magenta line the
405 nm laser light for uncaging. (C) A part of the lattice graticule, showing four sections of
square lattice patterns with varying spacings. (D) Image of the Fourier transform pattern
passing through the annular aperture. Vertical lines are the diffraction pattern formed by the
lattice, and concentric circles indicate the outlines of the annular aperture.

Cell Calcium. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ellefsen and Parker Page 18

]
1
]
m]
a
Fig. 2.

Microscope control software. (A) Dialog box of the light-sheet controller. From the top, the
sliders control the step size of the piezo translator (which is set to match the pixel size of the
camera); the maximum displacement of the piezo scan (in units of camera pixels); the
number of steps per cycle; the duration of each step (which also sets the camera exposure
time); the flyback duration; the total cycle period (used for timelapse imaging with intervals
between scans); the amplitude of the signal applied to the dither galvanometer; and an offset
of the starting scan position from the zero position of the piezo. As shown, the sliders are set
to generate a volume image comprising 512 diagonal planes, each captured in 5 ms, giving a
total time per volume of 2560 ms plus 200 ms for flyback. Checkboxes enable a fast
bidirectional (triangle) scan mode to be activated that obviates the time otherwise required
for flyback, an option to to switch laser excitation and emission filters between alternate
volume scans. Buttons enable up to 3 sets of settings to be permanently stored and retrieved.
(B) Window activated by the ‘View Waveforms’ button in the dialog box. This displays the
waveforms (in V) generated to trigger camera acquisition (white spikes), the dither
galvanometer signal (green sinusoid), and the piezo control signal (red stepped trace).
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Fig. 3.

Ogtical characterization of the LLS microscope. (A) Point-spread function assessed by
imaging 100 nm red (Ao >600 nm) fluospheres with 100 nm steps in the x-dimension.
Panels show images reconstructed in x-y and x-z planes, with 105 nm camera pixel
resolution. Scale bars = 0.5 pm. (B) Cross-section of the light-sheet, imaged by projection
onto a film of Dil deposited onto a coverglass. (C) Light-sheet thickness as a function of
distance along the light-sheet. Points show light-sheet thickness measured as the FWHM
intensity of fluorescence excited by the light-sheet impinging on a film of Dil deposited on a
coverglass that was translated in the axial (z) dimension. Filled squares show measurements
obtained with the lattice light-sheet. For comparison, open symbols show measurements
obtained with conventional light-sheet excitation, after removing the lattice and annular
aperture graticules from the light path.

Cell Calcium. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ellefsen and Parker

Page 20

Fig. 4.
Single-slice imaging of near-membrane Ca?* puffs. (A) Top left panel shows a diagonal

cross section through a clump of SH-SY5Y cells imaging the plasma membrane with a deep
red membrane marker, utilizing 562 nm excitation and a 590 nm long pass emission filter.
This image was captured before imaging Ca2* puffs with 473 nm excitation and 510-55 nm
bandpass emission filter, and is superimposed on the following panels that show puffs
(depicted in white) arising at different times following photorelease of ilP3. The yellow line
in the top left panel indicates the location of the coverglass, and small squares mark regions
of interest used to derive the fluorescence traces in B. (B) Traces show fluorescence ratio
signals (AF/Fg) measured from roughly 1 fl volumes (1 x 1 um regions of interest) at
numbered locations marked in A. The bar indicates the timing of the UV exposure used to
photorelease i--1Ps3.
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Fig. 5.
Localization of puffs with respect to the plasma membrane and nucleus. (A) Representative

light-sheet sections of cells stained with Deep Red Membrane marker and Nuclear-1D Red
to visualize the plasma membrane (depicted in red) and the nucleus (depicted blue). The
green dots mark centroid locations of puff fluorescence signals evoked by photorelease of i-
IP3. (B) The left panel shows superimposed images of two puffs (depicted in white), arising
at different times following photorelease of i-1P3, at sites adjacent to (1) and distant from (2)
the nucleus. The right panel shows enlarged views of these puffs, captured as single frames
at the time of peak fluorescence.
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Fig. 6.

Pr%ximity of puffs to the plasma membrane. (A) Distribution of distances of centroid
locations of puff fluorescence ratio signals from the cell membrane. Data are from 100
events in the 6 cells illustrated in Fig. 5A. (B) Enlarged view illustrating a small Ca2* event
arising in immediate proximity to the plasma membrane. The membrane is depicted in red;
the extent of the Ca2* fluorescence signal averaged over its duration (40 ms, 10 frames) is
depicted in white. (C) Upper panel shows the fluorescence ratio signal measured from a ~1
fl volume centered on the Ca2* event, and the lower panel shows a kymograph image on the
same timescale showing the position of the membrane and fluorescence signals (white)
along the yellow line marked in (B).
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Stgpwise changes in fluorescence signal during puffs. Traces show a compilation of puffs
arising at a single site following photorelease of i-IP3. The recording was made fromal x 1
um region of interest centered on a sharply focused puff site in a sequence of single-slice
LLS images captured at 2 ms exposure time. Vertical axis depicts fluorescence ratio change
(AF/Fp) and horizontal lines indicate visually identified step levels of fluorescence at integer
multiples of AF/Fy 0.95. The inset shows a single event on an expanded timescale, with
points marking measurements at successive 2 ms frame intervals.
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Fig. 8.
(A,B) show, respectively, x-y and y-z sections through a 3D reconstruction formed by

scanning the light-sheet through a clump of SH-SY5Y cells. Individual slices (~ 50 x 25 um)
were acquired with 4 ms exposure time, and 64 sections were acquired in 400 nm increments
to encompass a trapezoidal volume of about 50 x 25 x 25 um at a rate of 280 ms per volume.
Cells were stimulated by photorelease of i-1P3, and the pairs of panels show, respectively,
top- and side-view sections of puffs (fluorescence ratio change, AF/F, depicted in green)
arising at different times and locations in the cells. The upper two pairs of panels show puffs
arising at the cell membrane adjacent to the coverglass, and the other panels illustrate puffs
arising at increasing distances above the coverglass. The sections in the left panels were
taken at planes that intersected the puff sites. The lower panel in B was cropped by the
trapezoidal geometry of the reconstruction, and shows only the ‘top’ of the cell.
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