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4. ANALYSIS OF INTRACELLULAR PROTEIN DYNAMICS IN LIVING
ZEBRAFISH EMBRYOS USING LIGHT-SHEET FLUORESCENCE SINGLE-
MOLECULE MICROSCOPY

Matteo Bernardello, Radoslaw J. Gora, Patrick van Hage, Gustavo Castro-Olvera, Emilio

J. Gualda, Marcel J.M. Schaaf, Pablo Loza-Alvarez

ABSTRACT

Single-Molecule Microscopy techniques have emerged as useful tools to image individ-
ual molecules and analyze their dynamics inside cells, but their application has mostly
been restricted to cell cultures. Here, a Light-Sheet Fluorescence Microscopy setup is
presented for imaging individual proteins inside living zebrafish embryos. The optical
configuration makes this design accessible to many laboratories and a dedicated sam-
ple-mounting system ensures sample viability and mounting flexibility. Using this
setup, we have analyzed the dynamics of individual glucocorticoid receptors, which
demonstrates that this approach creates multiple possibilities for the analysis of intra-

cellular protein dynamics in intact living organisms.

Keywords: glucocorticoid receptor, zebrafish, single-molecule microscopy, light-sheet

fluorescence microscopy, nucleus, diffusion

doi: 10.1364/BOE.43510

121



4.1 INTRODUCTION

A quantitative imaging-based analysis of the biochemical processes and protein inter-
actions inside cells requires microscopy techniques that go beyond ensemble averag-
ing and a static molecular view (Yokota, 2020). Single-molecule microscopy (SMM) has
demonstrated to offer such opportunities and has enabled researchers to detect indi-
vidual molecules in the variety of their conformations and associations as well as to
study their dynamics with unparalleled spatial and temporal resolution. Immaging of in-
dividual proteins in living cells is enabled by fluorescent labeling of these proteins, using
either genetically encoded fusion to autofluorescent proteins such as green fluorescent
protein (GFP) and photoactivatable or switchable variants of these proteins, or linking
of nanoparticles or organic dyes to peptide or protein tags (such as Halo-tags), that have
been fused to the protein of interest (Harms et al., 2007; lino et al., 20071; Li and Vaughan,
2018; Luo et al,, 2020).

SMM has mainly been performed using microscopy techniques such as Widefield Mi-
croscopy (WM), Total Internal Reflection Fluorescence (TIRF) microscopy, and Highly-
Inclined and Laminated Optical sheet (HILO). In WM, while technically simple, the entire
sample is illuminated by the excitation beam, which creates a high background over
the weak signal from the single molecules. In TIRF, an evanescent wave of excitation
light at the coverslip-sample interface is created, which exponentially decays with the
distance to this interface (Axelrod, 2001). As a result, only the fluorophores present in the
first 100 to 200 nm are excited, which highly reduces the background intensity, and
thereby increases the sensitivity and positional accuracy. However, at the same time,
TIRF limits the detection of molecules to the basal membrane of the cells mounted on
the coverslip. In HILO microscopy an oblique sheet of light is used to illuminate a section
of the specimen, enabling excitation of fluorophores deeper inside cells (Tokunaga et
al., 2008). Nevertheless, since the illumination is oblique with respect to the detection
focal plane, the size of the lateral Field-of-View (FoV) of the produced images is limited.
Moreover, all these approaches are optimized for, and therefore limited to, coverslip-

based sample mounting.
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Thus far, the vast majority of SMM studies have been performed in cultured eukaryotic
cells, often derived from immortalized cell lines. These cells may show artefacts, do not
take into consideration the influence of cell-cell interactions, and have a limited trans-
lational value compared to studies performed in intact organisms. In addition, studies
in cultured cells cannot answer questions concerning differences in protein dynamics
in response to different developmental, environmental, and metabolic states that an
organism might be presented with in its native habitat. Therefore, there is a need for
microscopy techniques that enable in vivo SMM analyses on biologically relevant sam-
ples, such as the living zebrafish. These techniques should provide limited background
signals and large FoVs, enable maintaining the sample alive for prolonged times, and,
ideally, not interfere with natural biological processes by limiting phototoxic effects or
other stressors. Previously, we have extended SMM studies to living organisms by ana-
lyzing the dynamics of yellow fluorescent protein (YFP) fused to the membrane anchor
of the human H-Ras protein in cells inside living zebrafish embryos (Schaaf et al., 2009b).
By using TIRF microscopy and a particular sample-mounting procedure to make the
zebrafish tail adhere to the coverslip, we managed to detect individual YFP-CIOH-Ras
molecules in the outer membrane of the outer epithelial cells of the embryonic epider-
mis, and to study the mobility pattern of these proteins. However, while optimal for
studies on membrane protein dynamics, the implementation of the TIRF microscopy is
limited by the penetration depth of the evanescent wave and is therefore not suitable
for studying molecules located anywhere outside the outer membrane of the outer cell
layer of the embryo. In the present study, we have applied Light-Sheet Fluorescence
Microscopy (LSFM) as an SMM technique that allows for imaging of individual non-
membrane molecules inside a living organism while not being limited to the cell mem-

brane.

In LSFM, two objectives, positioned orthogonally to each other, are usually employed. A
plane of excitation light (light sheet, LS) is sent from the illumination objective through
the specimen, exciting only the fluorophores present at the detection focal plane (Olarte
et al,, 2018). Photons emitted by the fluorophores in the entire illuminated sample sec-
tion are collected in a widefield configuration by the detection objective. This plane-
based configuration permits fast imaging and allows for optical sectioning at low pho-

tobleaching and phototoxicity regimes, with low background fluorescent signals.
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The use of LSFM in SMM applications has so far been limited, mainly due to mechanical
constraints imposed by the geometry of the objectives. Their orthogonality combined
with their short working distances restricts the space and displacement possibilities of
the sample. This problem has often been circumvented by the use of long-working-dis-
tance air objectives for the illumination, and cuvettes containing imaging medium and
sample (Ritter et al,, 2008; Ritter et al., 2010; Spille et al., 2012; Yu et al., 2016). This solution,
however, introduces refractive index mismatches at the air-glass and glass-medium in-
terfaces, leading to spherical aberrations. Consequently, when the cuvette translates in
the illumination direction, focal shifts appear and correction strategies need to be im-
plemented (Spille et al,, 2012), increasing hardware complexity. To overcome these is-
sues, some LSFM configurations use a modified light path, including prism-based LSFM
(PCLSM) (Li et al., 2013), and reflected LSFM (RLSFM) (Gebhardt et al., 2013; Creiss et al.,
2016; Reisser et al., 2018). With these LSFM approaches individual, fluorescently labelled
molecules have been imaged in agueous solutions (Ritter et al., 2010; Yu et al., 2016), cell
nuclei of salivary glands extracted from C. tentans larvae (Ritter et al., 2010; Spille et al,,
2012), and membranes or nuclei of cultured cells (Gebhardt et al.,, 2013; Li et al., 2013).
Interestingly, these technologies also allowed imaging of individual injected Dextran-
Alexa647 molecules in Drosophila (Greiss et al, 2016), and transcription factors in
zebrafish embryos (Reisser et al.,, 2018). Custom-made illumination objectives combined
with non-Gaussian excitation schemes, such as Bessel plane illumination (Gao et al,
2012) and lattice LSFM (LLSFM) (Chen et al.,, 2014b), have been used to create a long and
thin LS. These techniques have been employed in SMM studies in embryonic stem cells
(Chen et al., 20143; Liu et al., 2014), membrane dynamics in cultured cells and in cells of
the zebrafish eye (Aguet et al., 2016), and living Drosophila (Mir et al., 2017; Mir et al., 2018).
The Light Sheet Fluorescence Single-Molecule Microscopy (LSFSMM) methods de-
scribed above offer the possibility to use very high NA (from 1.0 to 1.4) detection objec-
tives, but this is only possible at the expense of a highly increased hardware complexity

of the overall system, which will limit the use of LSFSMM.

So far, single-molecule imaging has only been applied to intact living organisms in a
few studies (Mir et al., 2018; Reisser et al., 2018; Schaaf et al., 2009b), which could be due
to the difficulty for many biological labs in accessing the complex setups that are re-
quired. The described hardware complexity also has consequences for the sample

mounting systems. In PCLSM (Li et al., 2013), the sample is placed on a glass bottom dish
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over an inclined surface. Similarly, RLSFM (Gebhardt et al,, 2013; Greiss et al., 2016) and
LLSFM have been used for SMM in living zebrafish embryos (Aguet et al.,, 2016; Reisser
et al,, 2018), and in these studies the embryos were mounted on a glass bottom dish or
glass coverslip and embedded in low melting agarose. In all these methods, the sam-
ple's degrees of freedom are constrained by the mounting procedure, as the specimen’s
movements and orientation possibilities are fixed or limited. Although this might not be
a problem for cultured cells, in the case of imaging living organisms it can eventually

preclude the performance of certain experiments.

In the present study, we chose an iSPIM (Wu et al., 2011) configuration to perform SMM,
to have a simpler setup compared to the previously mentioned LSFM alternatives, with-
out custom-made optical elements such as coatings (Gebhardt et al., 2013; Reisser et al,,
2018) or objectives (Chen et al., 2014b), thereby avoiding potential instability issues and
maintaining a straightforward optical alignment procedure. Although the collection NA
achieved in our system is smaller or equal compared to the NA of PCLSM, RLSFM, or
LLSFM setups, our sample mounting approach is superior in terms of sample viability
and sample mounting flexibility. We believe that these are crucial factors when extend-
ing the application of SMM to intact living organisms. In addition, our design will enable
the possibility to perform more complex SMM studies in vivo, e.g., correlating macro-
biological events with the intracellular dynamics at the single molecule level. We there-
fore describe the sample mounting procedure in detail, with attention to the effects of

the embedding medium on the microscope’s performance.

We have utilized our LSFSMM setup using cultured cells and living zebrafish embryos
as biological samples. HEK293 cells were used to perform a characterization study on
the detection of single yellow fluorescent protein (YFP) molecules. Subsequently, we
chose zebrafish embryos to test our capacity to image in vivo, since it is a relevant ver-
tebrate animal model that is commmonly used in research areas, ranging from develop-
mental biology to toxicology and drug screening (Detrich et al., 2011; Stainier et al., 1996).
As a protein of interest, we selected the Glucocorticoid Receptor (GR), which is a well-
studied steroid receptor. Upon binding of a glucocorticoid ligand (either an endoge-
nous hormone such as cortisol or a synthetic drug such as dexamethasone), the GR
translocates to the nucleus and acts as a transcription factor, regulating gene expres-

sion by binding to specific DNA sequences and interacting with other proteins. Previous
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studies have allowed researchers to study the intranuclear dynamics of individual fluo-
rescently tagged GR molecules in cultured cells and, for instance, establish the duration
of the DNA binding time (Garcia et al., 2021; Gebhardt et al., 2013; Groeneweg et al., 2014;
Keizer et al,, 2019; Paakinaho et al, 2017). Furthermore, it has been exhibited that the
zebrafish GR gene shows a high level of similarity with its human counterpart, through
the similarity of a C-terminal GR splice variant, resembling the human GR, and the fact
that both zebrafish and human genomes contain only one gene encoding the GR pro-

tein (Schaaf et al.,, 2009a).

By using our custom-made and optimized mounting system in our LSFSMM, we
demonstrate that it is possible to successfully image individual molecules in living em-
bryos for a prolonged period of time. To validate the robustness of our LSFSMM, we have
analyzed the GR mobility pattern. As expected, dexamethasone administration signifi-
cantly alters the dynamics of GR. By further characterization of the sources of variation
in the in vivo results, we found that most of the variability in the results comes from
imaging different areas within an individual zebrafish embryo, and to a lesser extent
from imaging individual embryos on different experimental days, discarding the micro-
scope setup as a source of variation. Overall, our data suggest that the relative simplicity
of the optical design, constructed with conventional optical elements together with the
described sample mounting system and protocols, will further promote in vivo LSFSMM
applications in membranes, cytoplasm, and nuclei of cells inside zebrafish and other

living organisms.

4.2 RESULTS

An LSFM platform for in vivo SMM imaging (LSFSMM)

In order to achieve in vivo SMM on whole live organisms we have designed and built a
customized LSFM platform. We took into special consideration the development of
sample mounting protocols adapted to the experimental requirements and sample
needs. Finally, we have characterized its optical performance and its ability to conduct

SMM experiments.

Our LSFSMM implementation is built on a Nikon Eclipse body, on top of which two per-

pendicular objectives are mounted in iISPIM configuration (Wu et al., 2011). Since the two
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objectives are positioned perpendicularly between each other, but at 45° respect to the
optical table, we define the coordinate system xyz to be the reference for the optical
table and motor stages, while the coordinate system xyz is defined as the reference for
the imaging planes, with xyz being the clockwise rotation of 45° around the y-axis of xyz.
A schematic overview of the illumination and detection light paths is depicted in Fig. 1A.
The light sheet plane is generated by a cylindrical lens that focuses the light onto a
galvo-mirror. The mirror is positioned plane-conjugate with the back-focal-plane of a
water dipping illumination objective by a relay lens system. This arrangement permits
to change the positionin Z (i.e., across the sample volume) of the light sheet by electron-
ically controlling the angle of the galvo-mirror. This capability can be used for alignment
purposes and to scan different sample areas. With this illumination system, we experi-
mentally measured the LS thickness to be of about 2 um at its waist (Fig. 2A). The illu-
mination FoV along x,"i.e., the portion of the light sheet that is considered to be of ho-
mogeneous thickness, is calculated to be about 12.5 uym, in good agreement with the
measured value of about 14.5 um (Fig. 2A). The total magnification of the optical system
is 44.4X (See Material and Methods section), leading to an image pixel size of 146.4 nm.
Considering the size along the y axis of the sSCMOS chip of the camera (2048 pixels), this

means that the system enables the imaging of an area of about 13.5 ym x 300 pm.

In order to enable imaging in zebrafish embryos, an appropriate sample mounting sys-
tem is key and should allow both optical quality and sample wellness. In the iISPIM con-
figuration, the two objectives offer a limited volume in which the sample can be in-
serted. The sample mounting system must allow simple insertion of a zebrafish embryo
and provide conditions for the embryo to stay alive during the experiment, with as little
stress imposed as possible. At the same time, the sample mounting system needs to
avoid the introduction of unwanted optical aberrations. We have implemented and
characterized a fully motorized sample mounting stage and efficient sample mounting
protocols using tailored FEP tubes and multilayer agarose mounting, as depicted in Fig.

1BCD.
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FIGURE 1: Schematic overview of the LSFM platform for in vivo SMM imaging. (A) schematic of the
optical illumination (top two) and detection (bottom one) light paths; (B) schematic of the sample mount-
ing system, with (C) its lateral section view, (D) the FEP support for zebrafish mounting. L = lens, PH =
pinhole, CL = cylindrical lens, GM = galvo-mirror, BFP = back focal plane, TEL = telescope plane-conjugat-
ing GM to BFP, IO = Illumination objective, DO = detection objective, BF = bandpass filter, TL = tube lens,
ZF = zebrafish, RC = rotation capillary, FS = FEP support, RM= rotational motor, IC = imaging chamber, ZM

= motorized stage in z, XYM = motorized stage in xy, Impa = low melting point agarose.

The developed sample mounting system makes use of a FEP tube which was cut to free
the top part. In this way the tube serves as a horizontal support for the relatively big and
heavy sample without covering it. Its proximal and distal tips and the basis of the tube
are filled with 2% low melting point agarose (Impa). The zebrafish embryo is placed in

the remaining space inside a drop of 0.5% Impa with the addition of tricaine for
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anesthesia. The FEP tube is suspended inside a petri-dish-like chamber by a 12 cm glass
capillary, which is inserted into the proximal end of the FEP tube. The glass capillary is
connected to a motorized rotator motor on its other end, and optimal orientation of the
zebrafish embryo with respect to the LS can be obtained by rotating the capillary using
simple electronic control of the motor. Finally, the incubation chamber, which is on top
of an x-y-z motorized translational stage is filled with E3 medium (with the addition of

tricaine), to completely immerse the zebrafish embryo and the tips of the objectives.

To characterize the effect of the sample mounting protocol on the generated optical
aberrations, a FEP tube filled with a 0.5% Impa cylinder, in which sub-diffraction sized
fluorescent beads (100 nm in diameter) were embedded, was introduced in the imaging
volume. The image of a 100 nm fluorescent bead would present a theoretical FWHM of
334 nm, given by the convolution of the Gaussian PSF generated by a 1.0 NA water-
objective, with the step-size profile of the bead. The images obtained from beads in-
serted close to the middle axis of the Impa cylinder would instead heavily suffer from
distortions, enlarging the total PSF and reducing the actual optical resolution (Fig. 2CD).
For beads at this location, we calculated FWHMs of 567.6 + 59.2 nm and 536.5 + 653 nm
(average * standard deviation, in x and y direction respectively, N=11 beads). In contrast,
images from beads closer to the surface of the 0.5% Impa cylinder did not suffer from
significant distortions (Fig. 2EF). For beads at this location, we calculated FWHMs of
393.0 £ 39.9 nm and 371.4 + 34.8 nm (average * standard deviation, in x and y direction
respectively, N=11 beads). The position of the point source within the Impa cylinder is
therefore critical in assessing the optical resolution, which significantly differs for ob-
jects at the two locations (Fig. 2B). The difference between the measured values from
the beads close to the surface and the theoretical one is most probably imputable to a
residual aberration caused by the remaining agarose layer, and thus depending on the
exact position of the single beads. The system and protocol for mounting zebrafish em-
bryos was therefore here developed such that the living specimen was covered by a

maximally 100 pm-thick layer of 0.5% Impa, in order to minimize optical aberrations.
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FIGURE 2: LSFSMM system performances. (A) lllumination light beam focused by removal of the cylin-
drical lens. Measurement of the intensity profile through a Gaussian fit demonstrated a 2 um diameter
(FWHM) at its waist (indicated by vertical red line). The illumination FoV is also indicated (red horizontal
bracket). Scale bar 10 um. (B) Distributions and comparison of the measured FWHM of the Gaussian fits
of beads close to the surface (N=11) and in the center (N =11) of the mounting Impa cylinder. Values were
measured along x {left panel) and y (right panel) direction. Shapiro-Wilk test was performed to check if
data is normally distributed. Unpaired t-tests were then conducted to check for statistically significant
difference between the two conditions and calculate two-tailed P-values. Horizontal bar represents the
mean value, *** means P < 0.0001. (C) Schematic of a 100 nm fluorescent bead positioned in the middle
of a 0.5% Impa cylinder and (D) normalized intensity profile measurement and Gaussian fit in x {left panel)
and y (right panel) direction of an imaged bead. Scale bar 2 um. (E) Schematic of a 100 nm fluorescent
bead positioned close to the surface of a 0.5% Impa cylinder and (F) normalized intensity profile meas-
urement and Gaussian fit in x {left panel) and y (right panel) direction of an imaged bead. Scale bar 2 um.
For all the Gaussian fits here presented R?> 0.96, and o represents the standard deviation of the Gaussian

curve.
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Characterization of detected fluorescence signals from individual YFP-GR molecules

The experiment was performed on HEK293 cells transiently transfected with an expres-
sion vector for YFP-GR. The cells were fixed to guarantee immobility of the fluorophores
so they would not diffuse out of the FoV. Subsequently, the fixed cells were mounted on
the LSFSMM setup for imaging. Characteristics of the YFP molecule fluorescence signal
(Fig 3A), was determined by analysis of 1241 fluorescence intensity spots that displayed
single-step photobleaching, which indicates the presence of a single fluorescent pro-
tein within a diffraction-limited spot. Almost 85% of all the single-molecule traces were
3 frames long or shorter, and the average trace length of a single YFP-GR molecule

equaled 2.3 frames (Fig 3B).

To extract the information about the point-spread function (PSF) of the fluorescence
from a single YFP molecule, a Gaussian function was plotted over the 2D intensity profile
(Fig. 3A). We determined the maximum of the Gaussian function as a measure for the
intensity, while its full width at half maximum (FWHM) as a measure for the width of the
PSF of a single YFP molecule. The maximum of the Gaussian function of 1241 signals
from immobilized YFP-GR molecules in the fixed HEK293 cell equaled 139.8 + 22.4
counts, which corresponds to 22.3 + 9.7 photons (Fig. 3C). The mean FWHM value of the
Gaussian curves fitted on the single-molecule intensity profiles equaled 357.5 +12.6 nm.
These characteristics of the fluorescence signals from individual YFP molecules were
subsequently used to determine the threshold values for the identification of signals
attributed to single YFP-GR molecules in the images acquired from living zebrafish em-
bryos using previously developed, customized software (Harms et al., 2001; Lommmerse
et al,, 2004; Schmidt et al., 1996) (Fig. 3D). The mean number of single YFP-GR molecules
identified per image frame equaled 19.6 + 8.7. The positional accuracy of the measure-
ments was determined by calculating the quotient of the FWHM and square root of the
number of photons detected, and equaled 76 nm (Bobroff, 1986), while Signal-to-Noise
Ratio (SNR), being defined as the intensity of an individual fluorophore (139.8 + 22.4
counts) divided by the standard deviation of the background signal (7.2 counts),
equaled circa 20 (Fig. 3C).
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FIGURE 3: Characterization of detected fluorescence signals from individual YFP-GR molecules in
fixed HEK293 cells. (A) Localization of a single fluorescent molecule. The circle indicates a fluorescence
intensity spot that was attributed to an individual YFP molecule based on single-step photobleaching.
(B) Top: Bar graph depicting the trace length of 1241 single molecules (521 traces) identified in images of
fixed HEK293 cells. The average trace lengths equaled 2.3 frames, and approximately 85% of all traces
consisted of 1-3 frames. Bottom: Time trace of the relative single-molecule fluorescence signals deter-
mined for all YFP-GR molecules showing a trace length of 1-3 frames. All traces show single-step photo-
bleaching indicating that the signals can indeed be attributed to single YFP-GR molecules. (C) Density
(p) plot representing the distribution of the peak intensity of 1241 fluorescence signals. The curve is nearly
Gaussian-shaped with a maximum of 139.8 counts per 25 ms, corresponding to 22.3 photons. The signal
intensity of the background is shown for comparison (dashed red line, density values are multiplied by 3
for better visualization). (D) Localization of single YFP-GR molecules in the nucleus of a nucleus in a living
zebrafish embryo. The image depicts a representative localization of YFP-GR molecules, with an average
of 19.6 + 8.7 peaks per frame, accumulated from 3000 consecutive frames. Nucleoli are visible (white cir-

cular regions inside of the nucleus), in which YFP-GR molecules are not found.

Experiments on live fish and data analysis

In order to confirm the presence of the YFP-GR molecules and their localization within
the nuclei of the embryonic cells, embryos of the Tg(actb2:mCherry-H2A) transgenic
zebrafish line, which express a fusion protein of mCherry and the nuclear protein his-
tone 2A in all cells, were injected with the YFP-GR expression vector and imaged at 1dpf
(day post-fertilization) using a different custom-made LSFM system setup. This multi-
view LSFM microscope allowed us to visualize, at 1.3 um lateral resolution and extended
field of view, the development of the whole embryo (Krzic et al., 2012). The resulting im-
ages showed the expression of the YFP-GR molecules and their co-localization with the
H2A histone signal (Fig. 4ABC) within the nuclei of the cells in the embryonic body. The
YFP-GR expression was particularly evident in the external yolk syncytial nuclei (eYSN),
which have migrated to cover the yolk sac during gastrulation. They are part of the yolk
syncytial layer (YSL), a syncytium containing yolk syncytial nuclei (YSN) that is formed
during early embryogenesis as a result of mitotic divisions without cytokinesis. It con-
sists of internal YSN (iYSN, located between the yolk sac and the proper embryo) and
eYSN that cover the yolk sac. The YSL plays an important role in meso- and endodermal
differentiation, epiboly and cardiac formation, and it plays a nutritive role during embry-
onic and larval stages (Carvalho and Heisenberg, 2010; Chu et al., 2012; Kimmel and Law,
1985; Kimmel et al., 1995). These giant nuclei are transcriptionally very active and have

previously been shown to display high levels of transgene expression, which may be due
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to a high transcriptional activity or enhanced transgene replication in these nuclei (Wil-
liams et al., 1996). We therefore chose these nuclei as target for our SMM intranuclear
analysis, as upon DNA injection their expression levels are significantly higher than

those of somatic nuclei.

H2A-mCherry H2A-mCherry GR-eYFP

B

Yolk mass  m—-

H2A-mCherry

FIGURE 4: Imaging of YFP-GR in a zebrafish embryo. (A) Maximum intensity projection of a z-stack
obtained using LSFM imaging of a developing 1dpf Tg(actb2:mCherry-H2A) zebrafish embryo injected
with a YFP-GR expression vector (only H2A signal shown in A). Scale bar 300 um. (B, C) Higher magnifica-
tion image of the highlighted ROI showing the (B) mCherry-H2A and (C) the YFP-GR signal (maximum
intensity projections, scale bars 50 um). Imaging performed using a different LSFM setup. The expression
of GR is evident, as well as the localization within the eYSN. (D) Image of a nuclei in the yolk from a 2dpf
live zebrafish embryo obtained using the LSFSMM setup. Only H2A signal shown, scale bar 10 uym. (E-G)
Three individual YFP-GR molecules imaged through the LSFSMM setup within the ROIs highlighted in D

(white squares), in a 2 dpf zebrafish embryo. Scale bars 2 um.

Subsequently, using the LSFSMM system high-resolution image sequences of the YFP-
GR in the embryos were acquired with a time lag of 25 ms and a length of 1000-4000
frames (Fig. 4D). To study the effect of GR activation, embryos were imaged in the ab-

sence and presence of the synthetic glucocorticoid dexamethasone. One zebrafish
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embryo was selected for both vehicle- and dexamethasone-treated groups, and in each
of the selected embryos three separate areas were imaged. Images exhibited the pres-
ence of fluorescence intensity peaks, which were then attributed to single molecules. A
projection of 1000-4000 consecutive frames (as shown in Fig. 3D) showed a different
density of fluorescence intensity peaks between the nucleus and the cytoplasm and
served as a matrix for selecting the area of studying protein mobility patterns, so only
localizations of nuclear GRs were taken into consideration. Resulting average density of
GR molecules per image equaled 19.6 + 8.7. A representative image depicting nuclear

GRs localization is presented in Supplement 1, Fig. S3.

Fraction size of the fast population
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FIGURE 5: Analysis of the mobility pattern of YFP-GR in zebrafish embryos. Data obtained from three
embryos from both the vehicle- (red) and dexamethasone-treated (blue) groups were pooled, and their
averages with standard deviations are presented. (A) Cumulative probability P plot of squared displace-
ment measurements r?, obtained experimentally for a time lag of 25 ms. Experimental data are best fitted
using a two-population model, yielding the size of the fast subpopulation and the MSD for each time lag.

Number of MSD replicates per time lag in each of the group equaled to 30. (B) Fast subpopulation fraction
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size in the vehicle-and dexamethasone-treated groups, fitted to a linear model with a fixed slope. P(t = 25
ms): 0.72, P(t = 50 ms): 0.49, P(t = 75 ms): 0.69, P(t = 100 ms): 0.92, P(t = 125 ms): 0.81. The 95% confidence
interval and the standard deviation are shown. (C) MSD values for the fast subpopulation for the vehicle-
and dexamethasone-treated groups, fitted using a confined diffusion model. The 95% confidence interval
and the standard deviation are shown. P(t = 25 ms): 0.11, P(t = 50 ms): 0.02, P(t = 75 ms): < 0.01, P(t = 100
ms): < 0.01, P(t =125 ms): < 0.01. (D) MSD values for the slow subpopulation for the vehicle- and dexame-
thasone-treated groups, fitted using a confined diffusion model. P(t = 25 ms): 0.15, P(t = 50 ms): 0.83, P(t =
75 ms): 0.24, P(t =100 ms): 0.27, P(t =125 ms): 0.42. The 95% confidence interval and the standard deviation
are shown. For (BCD), Shapiro-Wilk test was performed to check if data is normally distributed. Signifi-
cance of the results was conducted using a mixed-effect model for comparison of means between two
normally distributed groups. Significant differences are indicated by an asterisk (Significance levels: P >
0.05, non-significant; P < 0.05, *; P < 0.01, **). Pearson’s correlation coefficients R2 of the model fitness are

shown.

To determine the mobility pattern of the molecules, the particle image correlation spec-
troscopy (PICS) analysis was used, which in contrast to other methods that are based
on tracking of molecules, requires no a priori knowledge about the dynamical coeffi-
cients and works in principle for arbitrarily large molecule densities (Semrau and
Schmidt, 2007). In PICS analysis, positions of single YFP-GR molecules between all con-
secutive image pairs are correlated. After elimination of random correlations, differ-
ences in molecular positions between subsequent images resulting from movement of
individual molecules (i.e., squared displacements) remained. The latter were plotted in
a cumulative distribution plot and fitted to a biexponential probability function, which
indicated the presence of two subpopulations: a fast and a slow subpopulation based
on their differing mean squared displacements (MSDs) (Fig. 5A). Next, values of subpop-
ulation sizes and MSDs for the fast and slow subpopulations were determined and plot-
ted for each of the selected time lags (i.e., 25, 50, 75, 100, and 125 ms). The resulting plot,
depicting the size of the fast population a, showed that this parameter remained stable
across time lags (Fig. 5B). Th. The plots depicting MSD function of time for both the fast
(Fig. 5C) and the slow (Fig. 5D) subpopulation showed curves that reached a plateau at
larger time lags. Therefore, we fitted these MSDs curves using a confined diffusion
model, in which the molecules diffuse freely with an initial diffusion coefficient D, and
are confined to an area described by a square with a side length L. Analogous analysis
was performed in the fixed HEK293 cells data for comparison, results of which can be
found in the Supplement 1, Fig. S1. This analysis showed the predominant presence of

one fraction (94.8 + 1.3%) with the diffusion coefficient of 0.041 + 0.038 um?s™. Evident
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immobility of this fraction obtained for the fixed YFP-GR molecules signifies that the
PICS software is a suitable tool for diffusion analyses in both mobile and immobile mo-

lecular fractions.

The results of this analysis exhibited that, in the absence of dexamethasone, the size of
the fast subpopulation equaled 90.4 + 1.0%. Treatment with dexamethasone did not re-
sult in a significant change in the size of the fast subpopulation (77.7 + 0.9%) (Fig. 5B,
Table 1). The initial diffusion coefficient (D,) of the fast subpopulation was 7.90 + 0.53 pm?
s in vehicle-treated embryos. Treatment with dexamethasone significantly lowered
this coefficient (3.52 + 0.12 um?2s7). Similarly, the size of confinement area (L) of the fast
subpopulation differed significantly between the vehicle- (1233 + 7 nm) and the dexa-

methasone-treated (912 + 5 nm) embryos (Fig. 5C, Table 1).

Corresponding D, values in the slow subpopulations were lower when compared to
their fast counterpart, and equaled 0.78 + 0.18 um? s™ for the vehicle- and 0.61 + 0.13 pm?
s'for the dexamethasone-treated group. These values were not affected by dexame-
thasone treatment. Small sizes of the confinement areas, were observed for the slow
subpopulations (322 + 4 nm in the vehicle-, and 373 + 9 nm in the dexamethasone-
treated group). They were three- to four-fold lower than the confinement areas ob-

served in the fast subpopulation (Fig. 5D).

TABLE 1: Results of the analysis of the mobility pattern of YFP-GR in zebrafish embryos.

Parameter Vehicle-treated Dexamethasone-treated
a [%] 90.4 1.0 77.7+0.9

D, fast subpopulation [um?2sT] 7.90 + 0.53 352+0.12

D, slow subpopulation [um?s7] 0.78 £+ 0.18 0.61+0.13

L fast subpopulation [nm] 1233+7 912 +5

L slow subpopulation [nm] 322+ 4 373+9

Finally, we characterized the patterns of variability to determine the main sources of
variation during the experiments. First, we analyzed the correlations between the num-
ber of molecules per image and the parameters describing the mobility pattern (size of
the fast subpopulation and MSDs for fast and slow subpopulations, obtained experi-
mentally for the time lag of 25 ms). The results of this analysis showed that there was no

correlation between the number of molecules and any of these parameters (correlation
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coefficients equaled 0.14, 0.46, and 0.22, respectively), indicating that the measured pa-

rameters were independent from the density of detected molecules in the FoV.

Subsequently, we used a linear mixed model approach to estimate the variance com-
ponents within our data, and to determine the sources of the measurement error. In
this analysis, we also included residual variance that displays the extent of variability

that cannot be explained by our experimental design (See Table 2).

TABLE 2: The variance values o? per source parameter and their percentage contribution towards the

total variance for the given parameter.

Source of variance
Subscale a MSD fast subpopulation MSD slow subpopulation
o2 % o? % o? %
Embryo 0.324 249 0.109 219 0.016 155
Area 0.136 105 0.194 391 0.006 59
Image 0.042 32 0.061 123 0.015 13.8
Residual @ 0.800 61.4 0.132 26.7 0.069 64.8

aResiduals account for variance that cannot be explained by the experimental design.

A gquantitative presentation of the variance analysis together with percentage contribu-
tions of each source of variation are presented in Table 2. In this table, the contribution
is presented of a single embryo (or an experimental day, since one embryo was imaged
per day), an area within an embryo, and the consecutive images taken within the same
embryo to the overall variability of the size of the fast subpopulation a, and the MSDs of
the fast and slow subpopulations. For all of parameters selected in the statistical design
of our data, a high percentage of the variability came from the sources that could not
be controlled for during the experimental design (residual variance of 61.4% for fast sub-
population fraction size, a, 26.7% for MSD of fast subpopulation, 64.8% for MSD of slow
subpopulation; see Table 2). If we exclude the contribution of the unexplained variance
towards the total data variability, the linear mixed model analysis demonstrated that
most of the variability is observed between imaging different embryos (total variance
contribution of 24.9% for fast subpopulation size (a), 21.9% for MSD of fast and 15.5% of
slow subpopulations respectively). Interestingly, imaging of different areas within an in-
dividual embryo showed a large contribution to the variance of the MSD of fast subpop-

ulation (39.1%), but had little effect on the variation of the fast subpopulation size (10.5%)
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and the MSD of the slow subpopulation (5.9%). By contrast, imaging of the same cell
area within an embryo contributed less to the overall variability of the results (See Table
2, Fig. S2).

4.3 DISCUSSION

LSFSMM setup

Here we have presented our implementation of a custom LSFM platform that permits
imaging at SMM sensitivity not only in cultured cells, but also in larger and more physi-
ologically relevant biological samples, such as living zebrafish embryos. In a previous
study, we have used TIRF microscopy to perform SMM in zebrafish embryos, which en-
abled SMM analysis in the apical membrane of the outer epidermal cell layer of the em-
bryo (Schaaf et al., 2009a). Other related techniques, such as HILO microscopy, would
have permitted to reach deeper structures inside these cells, e.g., the nuclei, but the FoV
of these techniques are inherently limited. Using the LSFSMM setup presented in this
study, we are able to visualize individual molecules not only at the membrane of the
outer cell layers, but also inside cells, and at a relatively large FoV (13.5 x 300 um). The
developed sample mounting system allowed us to easily position specimens in the tight
volume between the two objectives, permitting 3D translations and rotations in order
to image the areas of interests. The FEP support and the multilayer Impa mounting
permits to sustain samples of various sizes, ranging from cultured cells to zebrafish em-

bryos, with minimal optical aberrations.

Compared to LSFM techniques commonly used for SMM studies (Chen et al., 2014b; Gao
et al,, 2012; Gebhardt et al,, 2013; Greiss et al,, 2016; Li et al., 2013; Reisser et al., 2018), the
presented LSFSMM setup features a simpler optical design: in the excitation path, con-
ventional Gaussian beams are employed, which helps also non-expert users in both
alignment and experimental procedures. This illumination path also facilitates the sam-
ple mounting, as no additional components (such as a prism (Li et al., 2013) or micro-
mirrors (Gebhardt et al., 2013; Greiss et al., 2016; Reisser et al,, 2018)) are inserted. Moreo-
ver, the iISPIM configuration permits to free the top part of the FEP support, minimizing
optical aberrations. Finally, the setup is assembled from commercially available parts.

Altogether, this implementation will permit other laboratories to adopt the technique
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as well to further expand the application of LSFM to the sub-cellular level within living

organisms such as zebrafish embryos.

We demonstrated the capability of our LSFSMM platform to image individual molecules
inside an intact living organism using zebrafish embryos. Our custom-designed sample
support and sample-mounting procedure enabled the conduction of experiments on
the same 2 dpf zebrafish embryos for several hours, while leaving the embryo in a
healthy condition. At the same time this procedure helped in minimizing the optical
aberrations due to the mounting medium. After the imaging sessions we always con-
firmed that the samples had survived the procedure stress-free, as we were able to let
them further develop without mortality or obvious malformations. Moreover, in two ex-
periments we performed imaging on a 2 dpf zebrafish embryo, kept it overnight in the
microscope and continued the experiment the next day. These quality control experi-
ments enabled us to conclude that no phototoxicity or adverse developmental effects
were induced in the embryos during the imaging session and ensured the suitability of

the developed method.

We therefore believe that our implementation permits innovative SMM studies in which
the mobility patterns of the single molecules are analyzed not only at a single time
point, but also over prolonged periods of time in the same living individual, which ena-
bles investigating the correlation between sub-cellular molecular dynamics and macro-
events such as the developmental stage, metabolism, drug induction or cell and tissue
differentiation. To perform this kind of experiments, the imaging chamber is also de-
signed to support a temperature control system ensuring ideal environmental condi-
tions for zebrafish development or other living organisms readily mountable using our

setup.

The glucocorticoid receptor mobility patterns in zebrafish embryos

In this study, we have used our LSFSMM setup to analyze the dynamics of the GR inside
nuclei (in particular the eYSN) in living zebrafish embryos. The results of this analysis
show that single YFP-GR molecules can be detected in these nuclei with a positional
accuracy of 76 nm and a temporal resolution of 25 ms. The positional accuracy in our

study is relatively lower than the values of circa 40 nm, which were reported in previous
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studies (Groeneweg et al., 2014; Keizer et al.,, 2019; Schaaf et al,, 2009a). The difference is
due to the implemented microscopy setup, which incorporated the detection objective
of a lower NA (1.0). Analysis of the mobility pattern of the GR inside these nuclei revealed
that these molecules can be divided in a fast and a slow diffusing subpopulation. The
occurrence of a fast- and a slow-diffusing subpopulation of GR molecules has been ob-
served previously for GR and other transcription factors (Groeneweg et al., 2014), and
has been interpreted as GRs that diffuse freely within the nucleus, and receptors that
interact with DNA respectively. In a recent study, it was shown that this fast subpopula-
tion could, in turn, be divided into two fractions with different mobility, of which the
fastest one was interpreted as receptors diffusing freely through the nucleus, and the
slowest one as GRs interacting non-specifically with the DNA (Keizer et al., 2019). The
biological function and implications of such GR-DNA interactions have been widely dis-
cussed in previous studies (Chen et al, 2014a; Gebhardt et al,, 2013; Groeneweg et al,,
2014, van Royen et al., 2007). As a result of the lower spatial and temporal resolution of
the imaging, fitting of the data with a three-population model did not yield consistent
results, so in the current research, we could only distinguish two GR subpopulations.
Our findings show that the vast majority of the GR molecules belonged to the fast sub-
population, which constituted approximately 90% of the total GR population in the ve-
hicle-, and 77% in the dexamethasone-treated group. This percentage is remarkably
higher than previously reported sizes of this subpopulation, which were between 45 and
60% in the nuclei of cultured cells upon activation by cortisol or dexamethasone
(Gebhardt et al., 2013; Groeneweg et al., 2014; Keizer et al., 2019; Presman et al., 2014). The
difference between our control-treated zebrafish embryos and previously reported cor-
tisol-treated cellular models, might be explained by a lack of a properly developed cor-
tisol secretion in 2 dpf embryos (Alsop and Vijayan, 2009), but this does not entirely ex-
plain the differences between these models upon dexamethasone treatment. The high
percentage of fast-diffusing molecules is better explained by the large size of the eYSN.
A larger fraction of freely-diffusing GRs may be expected with more nuclear space avail-

able and the same amount of chromatin present.

Interestingly, GR molecules in either of the subpopulations did not move within the en-
tire nuclear environment, but were confined to areas with a size of around 1233 nm for
the fast subpopulation and 322 nm for the slow subpopulation (which is so close to the

spatial resolution of our setup that this subpopulation might as well be considered
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immobile). The confinement of the GRs has not been observed in previous studies on
the receptor mobility patterns. In our approach, however, we were able to reconstruct
the square displacements of GRs in both fractions over a longer period of time, to de-
termine the occurrence of nuclear areas beyond which the diffusion of the GRs is re-
stricted. Such a confinement of the fast GR subpopulation indicates that the receptors
diffuse within areas surrounded by barriers, which in the nucleus could be formed by

chromatin.

The (initial) diffusion coefficients of the two subpopulations equaled 7.90 + 0.53 pm?s
for the fast subpopulation, and 0.78 + 0.18 pm? s for the slow subpopulation. Previous
studies reported on values of the GR fast fraction diffusion coefficients to fall within the
range of circa 2.5 and 9 um? s’ (Gebhardt et al., 2013; Groeneweg et al., 2014; Keizer et al.,
2019), which was also observed for other transcription factors, such as p53 or STATI
(Mazza et al,, 2012; Speil et al., 2011). We conclude that the values for the diffusion coeffi-
cients that were obtained in our approach fall well within the previously published
range. The slow subpopulation was characterized by a tenfold lower diffusion coeffi-
cient. Studies performed on cellular models report that these coefficients for the GR
slow subpopulation to fall within the range between 0.03 and 0.50 um?s? (Gebhardt et
al., 2013; Groeneweg et al., 2014, Keizer et al., 2019).

The effect of dexamethasone treatment on the mobility patterns of the glucocorticoid

receptor subpopulations

In the present study, we found that treating zebrafish embryos with dexamethasone for
3 hours prior to the imaging did not significantly alter the size of the subpopulation of
GRs. However, in previous studies it has consistently been shown that dexamethasone,
as a high-affinity GR agonist, decreases the size of the fast subpopulation, which is gen-
erally believed to reflect a larger fraction of GRs interacting with DNA in order to mod-
ulate the transcription of genes (Groeneweg et al., 2014). We may have failed to detect
a significant decrease in population size due to a limited resolution of our experimental
approach, but alternatively, the lack of a dexamethasone effect on the population size

in our study may be due to the specific characteristics of the eYSN.
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In addition, we show that treatment with dexamethasone leads to a smaller confine-
ment area (912 nm) for the fast GR subpopulation. The smaller size of the confinement
area for the fast GR subpopulation of the dexamethasone-treated group may be ex-
plained by the dexamethasone-activated GR molecules constituting a part of larger
multi-protein complexes. These complexes, containing multiple receptor molecules
and transcriptional coregulatory proteins, are present inside the cell nucleus and par-
ticipate in transcription of GR target genes. Diffusion of the GR molecules in such bulky
multi-protein aggregates might, therefore, be limited, resulting in the smaller confine-

ment areas in the dexamethasone-treated groups.

Treatment with dexamethasone also resulted in a decrease of the diffusion coefficient
from 7.90 to 3.52 um?s’ in the fast subpopulation, and from 0.78 to 0.61 um? s in the
slow one. In a previous study conducted on cultured cells, activation with a high affinity
ligand such as dexamethasone resulted in lower diffusion coefficients of the mobile
fraction as well, although a smaller effect was observed (Groeneweg et al., 2014). Lower
diffusion coefficients of the mobile fraction might also point to a previously described
slow-diffusion state, in which GR-ligand molecules bind non-specifically to the DNA in
search of their proper binding site (Keizer et al.,, 2019). Our results, therefore, confirm the
findings established in cellular models that the interactions between ligand and recep-

tor determine GR-DNA binding events.

It must be pointed out that the exposure time (t) used in our experiments (0.025 s) is

relatively long compared to the diffusion coefficient (D,) and size of confinement area

(L) of the molecules under investigation. Due to motion blur, this may result in incorrect
2

2
determination of the parameters L and D,. However, a set of formulas, %-DO > 3T pro-

posed by Destainville and Salomé (Destainville and Salomé, 2006), can be used to cal-
culate the accurate values from the experimentally determined ones. Using this
method, which was recently validated by Mortensen et al. (Mortensen et al., 2021), we
determined confinement sizes of 1872 and 1236 nm for the vehicle- and dexame-
thasone-treated groups, respectively, and diffusion coefficients of 37.9 and 1.1 um?2s.
These latter values are surprisingly high, especially compared to previous results ob-
tained in cultured cells (Gebhardt et al., 2013; Groeneweg et al., 2014; Keizer et al., 2019),
and in future studies we would like to attempt confirming these remarkably high diffu-

sion rates of GRs in eYSN of zebrafish embryos.
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Variability of the glucocorticoid receptor mobility patterns

Finally, we analyzed the sources of variation in these experiments. This analysis revealed
that most of the existing variability in in vivo protein mobility measurements originated
from imaging different embryos as well as imaging different cell areas within an indi-
vidual embryo. However, while imaging different embryos constituted a major compo-
nent of the data variability for all parameters measured (from 15.5% of the total variability
for slow population MSD till 24.9% for the size of the fast population, see Table 2), imag-
ing different cell areas was a major component only in the case of the fast population
MSD (39.1% of the total variability). We suggest that the differences in values of the pa-
rameters between individual embryos might stem from an inherent genetic variation
between different zebrafish batches. The absence of inbred zebrafish strains and result-
ing increased genetic variability is a factor that probably contributed to the overall var-
iability of the GR mobility patterns. As imaging different cell areas within an individual
embryo leads to an increase in variability of the fast subpopulation MSD only, it is likely
that the architecture of the nucleus hinders the displacement of the fast-diffusing GRs
in a cell-dependent manner. Specific nuclear chromatin organization might have led to
the increase in observed differences in the MSD values of the fast subpopulation be-

tween individual nuclei of embryonic cells.

4.4 MATERIALS AND METHODS

Zebrafish. Zebrafish (Danio rerio) were grown, maintained and handled in compliance
with the directives of the local animal welfare body. They were exposed to a 14h light
and 10h dark diurnal cycle at 28°C. Fertilization was performed by natural spawning at
the beginning of the light period, and the fertilized eggs were collected and maintained
in E3 medium (5 mM NacCl, 0.17 mM KCI, 0.33 mM CacClz, 0.33 mM MgSQs4) at 28°C. All
experiments were performed using embryos from the Tg(actb2:mCherry-H2A)

zebrafish line.
Microinjection and treatment of embryos. A cDNA construct encoding eYFP-GR(alpha),

hereafter referred to as YFP-GR, was genetically cloned into a PCS2+ zebrafish expres-

sion plasmid. The resulting PCS2+-eYFP-GR(alpha) plasmid was microinjected into
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zebrafish embryos at the 1-2 cell stage (30 pg per embryo), resulting in a mosaic expres-
sion of the eYFP-GR(alpha) protein in the zebrafish embryo. Microinjections were done
under a stereomicroscope (Leica SBAPO), using a microinjector (Pneumatic Pico Pump
PV820, WPI) and a micromanipulator with pulled microcapillary pipettes (model
GCI00F-15 from Harvard Apparatus, pulled with P-97 Micropipette Puller from Sutter
Instrument). Injected eggs were left to develop in an incubator at 28°C. Viability and
development of the eggs after microinjections were checked on a daily basis using a
fluorescence stereomicroscope (Nikon SMZ1000 C-DSD230). To prevent embryonic pig-
mentation, embryos were incubated in 0.003% phenylthiourea (PTU) from 10 hpf (hours
post-fertilization) onwards, and this solution was refreshed daily. For treatment with the
synthetic glucocorticoid dexamethasone, a 10 mM stock solution in DMSO was pre-
pared. The zebrafish embryos were incubated in dexamethasone (final concentration of
25 uM) in egg water for 3 hours, at 28°C, prior to the microscopy imaging. As a control, a

group of zebrafish embryos was incubated in a vehicle solution of 0.01% DMSO.

LSFSMM setup details. In the LSFSMM setup, the light from an ArKr laser (Innova 70C
Spectrum, Coherent) is first passed through an acousto-optic tunable filter (AOTFNC-
400.650-TN, AAOptoelectronics) to select the needed illumination wavelengths (514.5
nm for the YFP, and 568.2 nm for the mCherry molecules). After the AOTF (see Fig. 1A),
the light beam is sent to a telescope (AC254-030-A-ML, AC254-250-A-ML, Thorlabs), go-
ing through a spatial filter (with a 30 yum pinhole) to produce a clean Gaussian beam.
The collimated beam is then focused by a cylindrical lens (focal length of 75 mm,
LJ1703RM-A, Thorlabs). An additional telescope (AC254-100-A-ML, AC254-200-A-ML,
Thorlabs) is then used to illuminate the back-focal plane (BFP) aperture of a water im-
mersion illumination objective (10X Nikon CFI Plan Fluorite Objective, 0.30 NA, 3.5 mm
working distance (WD)) that will finally project the light sheet at the sample plane. The
illumination path also incorporates, in a conjugated plane with the BFP of the illumina-
tion objective, a galvanometric mirror (GVS002, Thorlabs) that allows scanning the light
sheet across the sample volume. In the detection path, the fluorescent signal is col-
lected by a water-dipping detection objective (20X Olympus XLUMPLFLN Objective,
1.00 NA, 2.0 mm WD). This is passed through a motorized filter wheel (FW103H, Thorlabs)
and a 200 mm tube lens (TTL200-A, Thorlabs). A periscope formed by an additional tel-
escope (TTL100-A and TTL200-A, Thorlabs) permits an additional 2x magnification and

projects the image onto the chip of a sSCMOS camera (OrcaFlash4 v.3, Hamamatsu).
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With this configuration (Olympus objective coupled to 200 mm tube lens and 2x peri-

scope), the total magnification is 44.4x.

Determination of imaging parameters. To measure the thickness of the light sheet, the
cylindrical lens was removed from the optical path, and the beam that was focused
through a fluorescent solution by the illumination objective was imaged. Using FIJI soft-
ware (Tinevez et al., 2017), the intensity line profile at the beam waist was generated and
Gaussian-fitted (Fig. 2A). The standard deviation o of the Gaussian fit was used to calcu-

late the full width at half maximum (FWHM) of the intensity line profile as FWHM = 20 -
(2 -1n2) = 2.3550, which represents the light sheet thickness waist diameter, and

equaled 2 um. The illumination field of view (FoV) was calculated as in Olarte et al.

A

(Olarte etal,, 2018),i.e,FoV = 1.78 - n - ——,
(N4)?

where n is the medium refractive index (wa-

ter), 1 is the illumination wavelength, and NA is the illumination objective's numerical
aperture, and equaled 13.5 um. The illumination FoV, considered as the double of the
Rayleigh range, was also measured on the imaged beam profile and found to be 14.5
pm, in good agreement with the theoretical value. To obtain the excitation power den-
sity, the optical losses introduced by the illumination path were first determined. These
were about 69%, due to the overfilling of the back-focal plane of the objective, to ensure
homogeneous illumination. By setting the power at the input port of the microscope at
66 MW, the power at the sample plane resulted in 20.25 mW. Being the illumination
focal plane area defined by the thickness (2 um) and height (1.2 mm) of the light sheet,
the resulting power density equaled ~ 0.85 kW cm2 To measure the optical resolution
of the system, sub-diffraction fluorescent beads (100 nm in diameter) were embedded
in 0.5% low melting point agarose (Impa) and placed as sample in the microscope using
a Fluorinated Ethylene Propylene (FEP) support. Images were taken for beads close to
the middle axis and near the surface of the produced agarose cylinder (Fig. 2C and Fig.
2E, respectively). The intensity profiles in x and y were measured, Gaussian fitted, and
their FWHMSs calculated. Shapiro-Wilk tests were performed to confirm the normal dis-
tribution of the FWHMSs values. Unpaired t-tests were then conducted to check for sta-
tistically significant difference between the values obtained for beads close to the mid-
dle axis (N =11 beads) and near the surface (N =11 beads), in both lateral directions (Fig.
2B).
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Cultured cells fixation, mounting, and LSFSMM imaging. To determine the characteris-
tics of the detection of a single YFP molecule in the LSFSMM setup, HEK293 cells were
transfected with the plasmid PCS2+-eYFP-GR(alpha) for expression of YFP-GR. For
transfection, cells were cultured in DMEM (Dulbecco’s Modified Eagle Medium, Invitro-
gen, Waltham, MA, USA) supplemented with penicillin and streptomycin (10 ug ml,
Invitrogen), Glutamax (10 ug ml?, Invitrogen) and 10% fetal calf serum (Invitrogen) at
37°C in humidified atmosphere containing 5% of CO2. Before transfection, cells were
transferred onto a sterile glass coverslip (diameter 25 mm, Marienfeld, Germany) and
placed in a well of a 6-well plate. At a confluence level of 20-30%, cells were transfected
with 1 ug of DNA per well, using FUGENE 6 (Roche Molecular Biochemicals, Indianapolis,
USA). The transfection efficiency, determined by fluorescence microscopy screening at
48h after transfection, was approximately 20%. Two days post-transfection cells were
fixed with 4% PFA. Fixed cells were then immersed in 0.5% Impa, transferred into a cut
FEP support tube, and mounted in the LSFSMM system. Movies were taken using con-

tinuous illumination and a 25 ms exposure time per frame for 1000-4000 frames.

Determination of the fluorescence signals characteristics derived from individual YFP
molecules. To determine the characteristics of the fluorescence signals derived from
individual YFP molecules, as detected using our setup, we imaged fixed transfected
HEK293 cells (3 days post-transfection). For this purpose, a two-dimensional Gaussian
curve was fitted over all the fluorescence intensity spots found in the images of a fixed
HEK293 cell. Subsequently, the maximal value and the full width at half maximum
(FWHM) of the fitted Gaussian curves were determined in order to establish threshold
values for the proper identification of intensity spots reflecting single molecules (Harms
et al,, 2001). Tracking of the identified intensity spots using custom software (Schmidt et
al., 1996) showed single-step photobleaching for all spots, confirming that they could be

attributed to individual YFP molecules.

Live zebrafish embryo mounting and LSFSMM imaging. A cut FEP tube was mounted
through a glass capillary inside the incubation chamber. Lmpa solutions (2% and 0.5%
in E3 medium) were heated up to 70°C, and 2% Impa was applied to the distal and prox-
imal ends of the cut tube as well as at the basis (see Fig. 1) and left to solidify. Naturally
hatched zebrafish embryos were transferred to a petri dish containing E3 medium with

tricaine (100 mg L7). Subsequently, an embryo was transferred to a glass bottom petri
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dish, the E3 medium was removed, and 0.5% Impa (cooled down, with 100 mg L’
tricaine) was poured onto the glass petri dish. While still liquid, a drop of 0.5% Impa,
together with the zebrafish embryo, was aspired through a glass pipette and carefully
transferred into the FEP support, on top of the already present 2% Impa layer. The incu-
bation chamber with the FEP tube containing the zebrafish embryo was mounted into
the setup, on top of a platform connected to a xyz motorized stage (8MTF from Standa
for xy-translations, 8302 Picomotor Actuator from Newport, connected to LX10/M from
Thorlabs, for z-translations). The glass capillary was connected, using a screw, to a step-
per motor (L401851204-M6, Nanotec) for sample rotation. E3 medium with tricaine
(100mMg L") was poured into the imaging chamber at room temperature, to completely
immerse the sample and the tip of the objectives. Using a custom-made software in
LabVIEW, the position of the sample in x, y, and z was adjusted to be in the FoV of the
detection objective. Rotation around the y-axis of the specimen and the movement in 2
of the light sheet provided additional alignment flexibility and possibilities to change
the imaged area. The position of the detection objective was manually adjusted. A re-
gion of interest (ROIl) was selected based on the mCherry signal (from the nuclear
mCherry-H2A protein, illumination wavelength 568.2 nm, emission filter FF01-620/14-25,
Semrock) to localize the nuclei. The YFP signal (from the YFP-GR protein, illumination
wavelength 514.5 nm, emission filter FF01-535/22-25, Semrock) was chosen to confirm
the expression of the fluorescently labeled GR. Once a ROl was selected, a movie of the
YFP signal was recorded using continuous illumination and a 25 ms exposure time per
frame for 1000-4000 frames. The PTU treatment prevented the pigmentation of the
sample, i.e., avoiding light-sheet shadowing effects. In case a shadowing effect would
have occurred, the region of interest could have been changed through sample trans-

lation/rotation.

Live imaging using the muviSPIM setup. To check the presence and localization of GR
in the zebrafish embryos, lower resolution imaging was performed. A PTU-treated, non-
dechorionated 1 dpf embryo was embedded in a 1.5% Impa cylinder and immersed in
the incubation chamber of a custom-made LSFM setup in the muviSPIM configuration
(Krzic et al., 2012). The incubation chamber was filled with E3 medium with tricaine (400
mg L) and its temperature maintained at 26.5°C. Z-stack images were acquired of the
embryos for both the YFP and mCherry signals every 15 minutes during 22 hours. A se-

quential illumination scheme was employed to illuminate both sides of the embryo.
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Light sheets (at 488 nm for YFP excitation and at 561 nm for mCherry excitation) were
generated through the coupling of cylindrical lenses (LJ1703RM-A, Thorlabs, focal
length 75mm) and air objectives (4X Nikon Plan Fluorite Imaging Objective, 0.13 NA, 17.2
mm WD). The emitted photons were collected through a 10X Nikon CFI Plan Fluorite
Objective (0.30 NA, 3.5 mm WD) and a sCMOS camera (OrcaFlash4 v.2, Hamamatsu).

Data Analysis. To study the mobility of proteins, Particle Image Correlation Spectros-
copy (PICS) analysis was used, described in detail previously (Schutz et al., 1997; Semrau
and Schmidt, 2007). In PICS analysis, individual molecules are not tracked, but all possi-
ble correlations between the locations of molecules in two image frames are deter-
mined. This way, a cumulative distribution function of distances is generated, which in-
cludes both contributions from diffusing molecules as well as random correlations be-
tween unrelated molecules in the two frames. The latter follows a linear relation in the
cumulative distribution plot and is subtracted prior to further analysis, yielding cumu-
lative probability distributions of displacements r; for each of the time lags, which are

fitted to a one- or two-fractional model. The former is described by the equation:

(r*tigg) =1—exp <— . ) D,

15 (tlag)

which assumes the probability of the molecule starting at the arbitrary origin can be

found within a circle of a radius r at the time lag t,, 4. Alternatively, in case the population
of molecules could be divided into two subpopulations with different mobility, Equation

(1) was transformed into the equation:

r? r?
e e o o) AR v o) K

where the displacements r of two subpopulations are denoted by r; and r,, and the rel-

ative size of these subpopulations by aand 1 — a.
A multistep analysis was performed for each movie acquired, analyzing correlations

over five different time lags (25, 50, 75, 100, and 125 ms). Due to photobleaching the num-

ber of displacements r? becomes smaller with increasing time lag. Nonetheless, even

149



for such higher time lags, a minimal number of displacements remains in the order of
10°, as the number of images per movie is large (1000-4000 images per movie). To ex-
amine the type of diffusion of these subpopulations of molecules, the values of r# and
r2 were plotted against the time lag. The positional accuracy (dx) led to a constant offset
in 2 of 4 (dx)?. In case this plot showed a linear relationship, a Brownian diffusion was

assumed, and a curve was fitted with the equation:
riz(tlag) =4-D- tlag (3);

in which D is the diffusion coefficient. If the plot reached a plateau at larger time lags, a

confined model was fitted with the Equation (4):

L? 12Dy - t;
T',:Z(tlag) = ? . [1 — exp (- #)] (4),

in which the molecules diffuse freely with an initial diffusion coefficient D, and are con-

fined to an area described by a square with a side length L.

Experimental Design. On three experimental days, one zebrafish embryo was selected
for the LSFSMM imaging per experimental (vehicle- and dexamethasone-treated)
group, and in each of the selected embryos, three separate areas were imaged, yielding
three independent movies of 1000-4000 consecutive frames. All movies were analyzed
individually, resulting in a value per movie for a, r? and r# for each time lag. In the anal-
ysis of the HEK293 cells, one cell was selected for single peak shape analysis and single-
step photobleaching. The values of a, 2 and rZ were also determined in fixed HEK293

cell data for comparison (See Supplement 1, Fig. S1, Table S1).

Statistical Analysis. Statistical analysis was performed in R statistical software (R: a lan-
guage and environment for statistical computing, https,//www.R-project.org). Values of
a and 2 were compared between the two groups, vehicle- and dexamethasone-
treated, pooling all the values from individual images from three experimental days. In
order to check if data were normally distributed, a Shapiro-Wilk test was performed.
Significance of the results was conducted using a mixed-effect model for comparison

of means between two normally distributed groups.
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A hierarchical linear model was used to estimate the variance components within a hi-
erarchically nested sampling design, between embryos from each experimental day,
different cell nuclei in a single embryo, and different images of the same nucleus in an
individual embryo. The model also took into account the residual variability component,
which accounts for the variability that cannot be explained by the parameters used in
our experimental design. As a single, time lapse, image might contain up to 30 thou-
sand trajectories of single molecules, correlation coefficients were calculated for the re-
lationships between number of such trajectories and fast-diffusing fraction size, a, as
well as mean squared displacements of fast- and slow-diffusing fractions, r? and rZ. Sub-
sequently, sources of potential variability within the experimental design were esti-
mated by using a linear mixed model with square root transformation of 2, to ensure
that the random errors follow a Gaussian distribution. Use of linear mixed models ex-
tends the applicability of a simple linear model, since the former incorporate both fixed
and random effects. Random effects represent the special case of fixed effects that are
nested within the data, and demonstrate a subject- or group-specific variation. Linear
mixed models are commonly used to account for the data where measurements are

made on clusters of related statistical units (Bates et al., 2015; Luke, 2017).

The fitting of the linear mixed model was performed in R package, Ime4 (Bates et al,,
2015). To evaluate the contribution of each variance component towards the total vari-
ability, caterpillar plots were plotted to report the estimated group intercepts and the
associated 95% confidence intervals, as a measure of relative deviation from the global
mean of the data (See Supplement 1, Fig. S2). For instance, an average value of one ex-
perimental day contained measurements of the same parameter obtained in all the ar-
eas of an embryo within the same day, while the analogous average for a single area
entailed only those measurements that were acquired during repetitive imaging of only
one area within the embryo. Those values were then sorted from the ones deviating
most negatively from the total average to the ones that deviated most positively. Sorted
deviations of the values were ultimately juxtaposed, in order to assess which variance
component constitutes the major source of the measurement error. The corresponding
values of variance for each of the parameter measured together with residual variance
were calculated and presented together with their percentage contribution towards

the total data variability.
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FIGURE S1: Analysis of the mobility pattern of YFP-GR in fixed HEK293 cells. (A) Fast subpopulation
fraction size fitted to a linear model with a fixed slope. Since 94.8 + 1.3% of all the YFP-GR belong to one,
fast-diffusing population, impact of the slow-diffusing fraction can in this case be neglected. (B) MSD val-
ues for the fast subpopulation, fitted using a confined diffusion model. The offset value of the measure-
ment is 0.023 um s, and equals to 4-(dx)?, with the (dx) equaling 76 nm. The MSDs of this population are
so close to the offset that the molecules can be considered immobile. In both graphs, the 95% confidence

interval, standard deviation, and Pearson'’s correlation coefficients R? of the model fitness are shown.

TABLE SI: Results of the analysis of the mobility pattern of YFP-GR in fixed HEK293 cells.

Parameter Fixed HEK293 cells
a [%] 94.8+13

D, fast subpopulation [um?2sT] 0.041 + 0.038

L fast subpopulation [nm] 233 +151
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4. ANALYSIS OF INTRACELLULAR PROTEIN DYNAMICS IN LIVING ZEBRAFISH EMBRYOS USING
LIGHT-SHEET FLUORESCENCE SINGLE-MOLECULE MICROSCOPY
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FIGURE S2: Results of the mixed linear
model analysis reveal potential sources
of the data variability. To establish effect
ranges, data were logit-transformed and
presented on a logit scale. Caterpillar plots
present the effect from random compo-
nents as the deviation of the group inter-
cepts from the global mean of the data.
The effect range represents the deviation
between different embryos, different areas
within an embryo, and different images of
the same area within an embryo, that are
parts of the total measurement error in the
mobile fraction size, a (A), MSD of the mo-
bile fraction (B), and MSD of the immobile
fraction (C). Red lines indicate the global
mean of the data, while black dots signify
significant deviations from the global
mean among embryos, areas, and images.
The data points are sorted from the ones
most negatively deviating from the global
average to the ones that deviate most pos-

itively.
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FIGURE S3: Representative image of a displacement analysis based on a single image pair
(Frames N and N+1). Not every molecule is positionally correlated due to the photobleaching. The
average number of peaks perimage here equals 23.0. This image pair is a part of a 3000-image movie.

For the entire movie, the total number of displacements found in the 2999 image pairs equals to
35467.



