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Foreword

A distinguishing feature of eukaryotic cells at the sub-cellular spatial
scale is that of being organized into membrane-enclosed, sub-
micrometric, and dynamic organelles or compartments, such as
endocytic/secretory vesicles, early-late endosomes, lysosomes,
mitochondria, etc. . As testified, among others, by the 2013 Nobel
Prizes in Physiology or Medicine 2, such structures are pivotal in
determining how cells shuttle proteins and other biomolecules from
one location to another, thus emerging as a legitimate platform for cell
signaling regulation 3. The overall picture is that a tight regulation of
their size/morphology and trafficking properties determines how cells
are able to comply with internal or external stimuli both in the
physiological and in the pathological conditions 4. We now know
that disturbances in this transport system have deleterious effects that
can contribute to neurologic diseases including autism ’ and
schizophrenia 8 as well as to diabetes °, immunologic * and
hematologic disorders .

In spite of the huge research efforts, retrieving quantitative,
simultaneous access to both structural and dynamic information on

such tiny subcellular structures remains a challenge in the field. If
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electron microscopy (EM)-based analysis was pivotal to probe the
finest (ultra)structural details of many sub-cellular structure, that was
inevitably done at the expense of dynamic information. On the other
hand, standard optical microscopy tools shed new light onto the
organelles dynamic behavior and their regulation 2714, but typically
underexploited the spatial dimension and, as a consequence, the
structural information. To tackle these limitations, our group recently
proposed a fluctuation-based analytical tool (hamed imaging-derived
Mean Square Displacement, or iMSD) that is able to simultaneously
extract both structural and dynamic average parameters of the target
object from simple time-lapse imaging, with no a-priori knowledge on
the system, no need to extract trajectories, no need for complex
labelling, and in live cells *°. Thanks to this approach, large-scale
fingerprinting of dynamic structures can be achieved, in a fast and

robust way, at the whole-cell-population level.

Thus far, iMSD technique has only been applied to molecules ¢ and
gene-delivery nanoparticles . The Aim of this work is to extend the
application of this method to one of the natural conditions of living
matter at the sub-cellular spatial scale, that of sub-micrometric,
dynamic structures or compartments deputed to shuttle molecules

around the cell.



For the sake of clearness, the main results of this Thesis were divided

into separate Chapters as follow:

In Chapter 1, a review of the more common imaging-based
techniques developed to observe subcellular structures at high
spatial and temporal resolution is presented, with a particular
focus on their ability to retrieve the dynamic and structural

properties of the biological objects of interest.

In Chapter 2 the imaging-derived mean square displacement
(iMSD) method is introduced, with a particular focus on its
application to study the dynamic and structural properties of
subcellular organelles. A unique triplet of average parameters
(diffusivity, anomalous coefficient and size), extracted from
each iMSD and represented in a 3D parametric space, define

the so called “dynamic fingerprint”.

In Chapter 3 alterations of structural and dynamic properties
of lysosome, caused by labeling strategies and/or procedures,
are probed using iMSD. In particular, it is shown how
Lipofectamine reagents, commonly used to transiently

transfect lysosome markers fused to fluorescent proteins,



irreversibly alter the organelle structural and dynamic

identity.

In Chapter 4, the lysosome structural and dynamic properties
are investigated during the process of differentiation of
neuronal stem cells (NSCs) obtained from mouse embryonic
stem cells (MESCs) by means of iMSD and single particle
tracking (SPT). Here iMSD is used to analyze the average
dynamic behavior of lysosomal population in the cell soma
during the differentiation process. SPT, instead, by extracting
the trajectories of single lysosomes, allowed to properly
characterized the organelle motion in all districts, including

the projections of the differentiating cell.

In Chapter 5, in conclusion of this Work, possible
implementations to improve the performances of iMSD
approach are discussed, together with potential future

applications of the method in biophysics and related fields.



CHAPTER 1

1. Introduction

Membrane-enclosed, sub-micrometric, and dynamic organelles or
compartments, such as endocytic/secretory vesicles, -early-late
endosomes, lysosomes, mitochondria, etc. are emerging as a hub for
cell-signaling regulation 3, The idea that a finely tuned regulation of
their structural (e.g. size/morphology) and dynamic (e.g. diffusivity,
mode of motion) properties determines how cells comply with internal
or external stimuli, is supported by consolidated scientific literature +-
6. As a consequence, it is not surprising that average alterations of the
same properties are typically found as hallmarks of pathological
conditions: derailed endocytosis commonly found in cancer cells #°,
altered granule trafficking is found in B-cells exposed to Type-2-
Diabetes-mimicking conditions 8, enlarged lysosomes packed with
twisted microtubules observed in globoid cell leukodystrophy or
galactosylceramide lipidosis °, abnormalities in the endosomal-
lysosomal system occurring in neurodegenerative diseases, especially

Alzheimer’s disease (AD) %, are just few examples.
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Concerning structural information, current knowledge mostly owes to
transmission electron microscopy (TEM) analysis. Unfortunately,
however, the peculiar nanoscale spatial accuracy of TEM is achieved
at the expenses of the dynamic information, which is inevitably lost.
On the other hand, the recent advances in live-cell imaging
technologies, including development of specific fluorescent markers,
optimization of labeling protocols, and availability of ever more
sensitive and less invasive optical microscopes potentially open the
way to the study of structural and dynamic properties at the nano-
micro scale and in live cells. For instance, well established analytical
tools are at our disposal to extract the relevant structural (e.g. size by
phasor analysis of local image correlation spectroscopy, PLICS %) or
dynamic (e.g. diffusion law by SPT 2227) parameters at the sub-
cellular scale. In the next sub-chapters the main imaging-based
techniques developed to observe organelles and subcellular
nanostructures at high spatial and temporal resolution will be
reviewed. In particular, the balance between dynamic and structural

information will be examined.
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1.1 Transmission Electron Microscopy (TEM)

For over 60 years, transmission electron microscopy (TEM) has been
a unique method to investigate cell organelles morphology and
essential to probe the finest ultrastructural details of many sub-cellular
structure. For example, TEM images revealed that insulin granules
contains an electron-dense core separated from the surrounding
membrane by a characteristic halo (Figure 1.1), composed by the

semi-crystal structure made by hexamers of mature insulin molecules
28

Figure 1.1 TEM image of a rat beta cell. Insulin granules are indicated by white
arrows. Scale bar: 1 pm. Image adapted from ref. 2

12



Conventional EM that involves chemical fixation of cells and tissues,
dehydration, embedding in resins, and ultrathin sectioning is the
method of choice to appreciate these ultrastructural details (Figure
1.2) %,

Figure 1.2 Example of TEM image of a cell. Different organelles are clearly visible
and well preserved: mitochondria (m), microtubules (MT), melanosomes stage 11 (1)
and stage I11 (111), and the endosomal network depicting clathrin-coated buds (star-
mark). High pressure frozen MNT1 cells. Scale bar: 1 um. Image reprinted from ref.
30
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Two main categories of optical microscopy methodologies actually
push the spatial resolution beyond the diffraction limit set by Ernst
Abbe’s equation 3 single-molecule localization (SML) such as
stochastic  optical localization microscopy (STORM) and
photoactivated localization microscopy (PALM), and stimulated
emission depletion (STED).

1.2 Super Resolution Fluorescence Microscopy (SRFM)

by single-molecule localization

In a typical fluorescently labelled biological sample, where multiple
molecules are present in close proximity, localization becomes
inaccurate or impossible as the images of these fluorophores overlap.
By switching between an active and dark state a small amount of
fluorophores, molecules within a diffraction limited region can be
activated at different time points so that they can be individually
imaged, localized, and subsequently deactivated (the general principle
is explained in Figure 1.3). These approaches were named stochastic
optical localization microscopy (STORM) 32, photoactivated
localization microscopy (PALM) * and fluorescence photoactivation

localization microscopy (fPALM) *,
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Target structure Localizing activated subset of probes Super resolution image

Figure 1.3 The principle of SRFM by single molecule localization. Different
fluorescent probes marking the sample structure are activated at different time points,
allowing subsets of fluorophores to be imaged and localized to high precision.
Iterating the activation and imaging process many fluorescent probes are localized
and a super-resolved image is generated. Image reprinted from ref. %

Figure 1.4 shows STORM images of clathrin-coated pits (CCPs) in
BS-C-1 cells. When imaged by conventional fluorescence
microscopy, all CCPs appeared as nearly diffraction-limited spots
with no discernible structure. In STORM images the round shape of
CCPs was clearly seen (Figure 1.4B and D). The size distribution of
CCPs measured from the 2D projection image, 180 + 40 nm, agrees
guantitatively with the size distribution determined using electron

microscopy *°.

Although these super-resolution approach relay on wide-field imaging
methods, the imaging speed is limited by the time required to
accumulate a fluorophore localization density that is sufficient for a
desired resolution. Since different subsets of fluorescent probes are

localized sequentially, a large number of imaging frames (typically

15



5,000-40,000 frames, Figure 1.5) and up to several minutes of time

are needed to reconstruct the final super-resolved image *’.

500 nm
e

@

Figure 1.4 Three-dimensional STORM imaging of clathrin-coated pits in a cell. (A)
Conventional direct immunofluorescence image of clathrin in a region of a BS-C-1
cell. (B) The 2D STORM image of the same area, with all localizations at different z
positions included. (C) An x-y cross section (50 nm thick in z) of the same area,
showing the ring-like structure of the periphery of the CCPs at the plasma membrane.
(D and E) Magnified view of two nearby CCPs in 2D STORM (D) and their x-y cross
section (100 nm thick) in the 3D image (E). Image adapted from ref. 6

Many cellular processes (included those related to the subcellular
organelles dynamics which are of interest here) take place on a much
shorter timescale 33 and require a large amount of photons to be
delivered on the sample. In most common applications, these

techniques require fixed samples, analogously to TEM.
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Figure 1.5 STORM images of microtubules immuno-stained by Alexa Fluor 647
reconstructed by different numbers of imaging frames. The insets show the
magnified region. Image reprinted from ref. 37

However, several important implementations have the potential to
reveal the nanoscale dynamic behavior of single molecules directly
within living samples. For instance, in the context of SML methods,
by combining PALM with single-particle tracking (SPT), one can
build mobility maps by measuring the trajectories of many individual

molecules at the same time “°.
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1.3 Stimulated Emission Depletion (STED)

STED was proposed by Hell and colleagues in 1994 # as a technique
capable to provide sub-diffraction resolution. The principle of this
approach relies on the reduction of effective PSF. This has been
achieved by selectively suppressing fluorescence photon emission
from the outside edge of the excitation laser beam scanning the sample
with a second laser having a doughnut shape. The STED laser beam
also has a red-shifted emission wavelength in order to match the
energy difference between the ground and excited state of stimulated
emission. Figure 1.6 shows live neurons imaged with STED
nanoscopy, visualizing sub-diffraction spaced periodic structures of

actin.

Moreover, combining STED with fluorescence correlation
spectroscopy (FCS), diffraction-unlimited imaging has the potential to
reveal protein dynamics moving in the plasma membrane. STED-FCS
experiments have shown that diffusion speeds of lipid are
heterogeneously distributed in the plasma membrane of different

living cells %2,
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Figure 1.6 STED image (bottom) of live hippocampal primary neurons (grown for
6 days in vitro.). (Right) Line profile along the dendrite (white dashed line) showing
periodic cytoskeletal actin structures with a period of ~180 nm. Image adapted from
ref. 43

A recently proposed approach combines STED imaging with ultrafast
scanning techniques, in order to render STED nanoscopy temporally
stochastic. In confocal microscopes, when a pixel dwell times is set
into the range of microseconds, fluorophores typically undergo from
10 to 1,000 excitation events until the illumination spot is moved.
Using the electro-optical scanning technology, Schneider and co-
workers, were able to ultrafast scan with a line-scanning frequency of
250 kHz, delivering a number of consecutive excitation pulses of the

fluorophore per scan cycle down to one or two pulses in one-
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dimensional (1D) and 8-10 pulses in 2D scanning #. Using single
particle tracking (SPT) and taking advantage of the 70-nm static
spatial resolution provided by STED, these authors investigated the
dynamics of fluorescently labeled vesicles (Figure 1.7) in living
Drosophila or HIV-1 particles in cells with a temporal resolution of 5

10 ms “.

Confocal STED
ati=0s att=0.168s t=06478s~ t=0864s5 t=1224s5 t=2072s

. ) B

Figure 1.7 STED imaging of millisecond-scale dynamic processes. Live STED
imaging of EGFP-labeled vesicles in neuron of Drosophila larvae with a temporal
resolution of 8 ms (125 f.p.s.). Scale bar: 200 nm. Image adapted from ref. #*

1.4 Single Particle Tracking (SPT)

Single Particle Tracking (SPT) is an imaging technique able to locate
and reconstruct the trajectory of a diffusing object with nanometer

precision. SPT also provides access to single molecule behavior in the
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natural context of living cells, thereby allowing a complete statistical
characterization of the system under study. The use of a nanoscopic
reporter (gold nanoparticle, QD or fluorescence molecule) attached to
the biomolecule of interest allows to image its motion by optical
microscopy. The analysis performed using several images processing
techniques or software generate the resulting trajectories and provide
access to all the dynamics parameter such as mean square
displacements, diffusion, velocity, etc. as a function of time and space.
The principle of SPT is schematically described in Figure 1.8 .

Acquisition Localization

FWHM
-
I
1Al
13,

Tracking
Figure 1.8 Schematic representation of SPT workflow. An images stack is obtained

from fast recording of a reporter. For each image of the time series the detected spots
are localized based on the center of mass. Linking the spot positions of each
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corresponding spots for all the time series, the trajectories that describe the motion
of the single particles are generated. Image reprinted from ref. 45

SPT finds several applications in biology where following the
dynamics of processes at the nanoscale can be of crucial importance
(e.g. diffusion law by SPT 2227). Figure 1.9 shows a SPT application
to a fluorescently labelled organelle (lysosome) combined to super-
resolution imaging (i.e. STORM).

Time-lapse lysosome movie Conventional microtubule STORM microtubule
image image

\

ngle particle tracking

.

Figure 1.9 Lysosome trajectories extraction from time-lapse movie using SPT, and
STORM imaging of microtubule network. A live-cell time-lapse movie is recorded
at high temporal resolution. The sample is then fixed and STORM imaging of the
microtubule network is then recorded. Single-particle tracking is used to obtain
trajectories from the live-cell movie, and these trajectories are precisely aligned with
the STORM image of the microtubules using fiduciary markers. Image reprinted from
ref. 2

Trajectories obtained
from time-lapse movie
Combined trajectories
STORM microtubule
image
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Although SPT provides an extremely high and detailed amount of
information on the system, however, extraction and processing of
single trajectories renders this technique an inherently time-
consuming approach. In addition, the application of this method
usually does not render the structural information (size of the

organelle) straightforward to retrieve.

1.5 Fluctuation-based techniques
1.5.1 Fluorescence Correlation Spectroscopy (FCS)

Fluorescence Correlation Spectroscopy (FCS) is a powerful tool to
measure important physical quantities such as concentrations,
diffusion coefficients, diffusion modes or binding parameters in living
cells. Spatiotemporal correlation spectroscopy (FCS) techniques rely
on temporal autocorrelation analysis of fluorescence intensity
fluctuations collected in time from a tiny focal volume defined by the
microscope focus of the excitation laser beam within a sample °, its
spatial resolution is limited by diffraction. The magnitude and time
decay of the fluorescence intensity fluctuations contain information on

the concentration and dynamics of the fluorescent molecules in the
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observation volume. The principle of single-point FCS is illustrated in
Figure 1.10.
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Figure 1.10 Principle of single-point FCS. The PSF of laser is focused on a
diffraction-limited point in the sample volume (left); fluorescent molecules (green
dots) diffuse in the volume of the samples, entering and leaving the volume of the PSF.
The fluorescent emission generated inside the PSF is collected and converted into an
electric signal (centre); autocorrelation function is then computed using the equation
shown in the middle where G(z) represents the autocorrelation, t the time lag, t the
actual time of the electric signal and F(t) the electric signal originated from the
fluorescence emission. Once the autocorrelation function is obtained (right) it is fitted
to obtain the average number of particles inside the observation volume or the PSF
(inversely proportional to G(0)) and the average diffusion coefficient D of the
molecules that passed through the PSF during the acquisition time. Image adapted
from ref. 47

15.2 Extending FCS to the spatial dimension: scanning-FCS
and Raster Image Correlation Spectroscopy (RICS)

Although confocal FCS has lately become a more frequently applied

technique to study the dynamics of membrane-bound fluorophores in
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vitro, as well as in vivo “-°1, several limitations affect the accuracy of
the measurements. The slow diffusion leads to long dwell times and,
therefore, to longer measurements and strong photobleaching. During
the measurement, the relative position of the detection volume with
respect to the membrane has to be stable with an accuracy of about
100 nm . Finally, measurements on biological membranes are
particularly critical, since even tiny membrane movements or
instabilities lead to severe artifacts 2. To overcome these limitations,
modifications of standard FCS have been developed %-%°, one of the
most successful being scanning-FCS (sFCS) %¢. In sFCS the
fluorescence is recorded from a small measurement volume defined
by the focused illuminating beam as in FCS, and this measurement
volume is moved relative to the sample in a controlled way °’. Because
the movement of the measurement volume in the sample is the only
principal difference from FCS, all other features of FCS are preserved
in sFCS, most importantly the high temporal resolution. This
implementation has several advantages: sampling of a larger volume
increases the statistical accuracy for slowly moving molecules and
leads to shorter measurement times; short residence times in the
detection volume reduce the effect of photobleaching; and the scan
speed can be determined with high accuracy, eliminating the need for
calibrating the detection volume 2. The application of sFCS is
25



especially useful in measurements where diffusion is usually very

slow such as on biological membranes.

As previously mentioned, another important development of single-
point FCS is the so called “raster image correlation spectroscopy”
(RICS) technique 5+8-6°, RICS exploits the optical sectioning of the
PSF during a confocal microscopy acquisition. As depicted in Figure
1.11, in RICS, a spatial autocorrelation between adjacent pixels is

performed °°.

Faster diffusion
Situation 1: particle is fixed Situation 2: particle is moving

) @
1.2 3 4 1.2 3 4

Figure 1.11 RICS principle. Schematic representation of a raster scan acquisition of
a confocal microscope and its spatial correlation analysis. (Situation 1, left) If a
particle is fixed or slowly moving, its signal will be detected in position 1, 2 and 3 but
not in 4 during a line acquisition. The spatial autocorrelation will show a slower
motion of the particle (right, slower diffusion). (Situation 2, center) if a particle is
moving quickly, there is a higher probability that it will be detected also in position 4
and this will then be visualized on the autocorrelation function (left, faster diffusion).
The spatial autocorrelation function decays with a characteristic length that depends
on the diffusion constant and the size of the illumination volume (PSF). Image
reprinted from ref.5°

Slower diffusion

e

Spatial correlation

Pixel (log scale)
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1.5.3 Phasor analysis of Local Image Correlation Spectroscopy
(PLICS): recovering spatial information at the sub-

cellular scale

Worthy of note, none of the extensions of FCS to the spatial dimension
discussed above have clear potential to extract information on the
structural properties (e.g. size, shape, etc.) of subcellular, dynamic
nanosystems, although the spatial dimension is probed. To fill this
gap, phasor analysis of local image correlation spectroscopy (PLICS)
data was implemented as a new method by L. Lanzano and co-workers
2L PLICS exploits the pixel-by-pixel analysis of local spatial
correlation functions and extracts relevant structural parameters of the
diffusing object which are encrypted in the image stack . The
principle of PLICS technique is largely similar to those of FCS, with
the remarkable difference that FCS is the analysis of intensity
fluctuations in time, whereas image correlation spectroscopy is the
analysis of intensity fluctuations in space 1. The phasor analysis is
used here conveniently as an unbiased, fit-free tool to characterize a
large number of correlation functions. The PLICS algorithm is capable
of mapping the sizes of elements contained in a heterogeneous system
and provides the size and number of separate subspecies, which

otherwise would be hidden in the average properties of a single

27



correlation function. PLICS has been applied in order to quantify the
spatial and temporal heterogeneity in the size and number of
intracellular vesicles in live cells 2. As a paradox, however, in PLICS

it is the temporal information that is lost.

1.5.4 Joining spatial and temporal information: Spatiotemporal
Image Correlation Spectroscopy (STICS) and image-
derived Mean Square Displacement (iMSD)

A complete analysis of the full space—time correlation function was
proposed by Hebert et al. introducing the Spatiotemporal Image
Correlation Spectroscopy (STICS) method ©. STICS is based on a
complete calculation of both the temporal and all-spatial correlation
for intensity fluctuations from pixels separated by different frame of
laser-scanning microscopy image series. This approach allows
measurement of diffusion coefficients and mean molecular
displacements down to a few tens of nanometers . Since its
introduction, however, the STICS approach has been mainly used
exploring the second time range with frame rates. This in turn allowed
accurate measurement of only slow protein fluxes (i.e., magnitudes of

um/min). In order to overcome this limitations, recently our group

28



proposed image-derived MSD (iMSD) as modified spatiotemporal
image correlation spectroscopy approach, suitable for determining
diffusion laws of GFP-tagged integral membrane proteins in live cells
with high temporal and spatial resolution *°. Di Rienzo and coworkers
applied iMSD approach to study the regulation of protein diffusion
taking place in the micro-to-millisecond time range on micrometer-
sized membrane regions in live cells. By using a GFP-tagged variant
of the TR, they probed the regulation of protein diffusion imparted by
the cytoskeleton meshwork (Figure 1.12) **. Notably, they obtain
values for diffusion coefficient, confinement area, and confinement
strength (and their dependence on specific drugs) that agree with those
calculated for the same molecule in high-speed SPT measurements
6384 It is noteworthy that, unlike SPT, this correlation-based method
works well with high molecular densities, low signal-to-background
ratios, and high counting-noise levels. This combination of properties
opens the way to “single-molecule” experiments with GFP-tagged
proteins in the presence of many labeled molecules diffusing at the

same time and within the PSF.

The iMSD approach can successfully recover diffusion constants,
confinement area, and confinement strength coefficients over many

micrometers on the membrane plane, and their variation in response

29



to drug treatments or temperature shifts. Moreover, iMSD method
does not need any preliminarily assumption/knowledge on the system
under study and, more importantly, does not need to extract the single

trajectories.
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Figure 1.12 Analysis of TfR dynamics in living cells. (A) Schematic representation
of a GFP-tagged TfR diffusing in the cytoskeleton hierarchical meshwork, with
particular emphasis on the spatial size accessible in the tens of milliseconds timescale.
(B) Total internal reflection fluorescence microscopy image of a CHO cell expressing
GFP-tagged TfR (Left) and the detail of the membrane patch used for the
measurement (Right). (C) iMSD vs. time plot for GFP-T{R in physiological conditions
(red curve) and after 30 min of Lat-B treatment (green curve). (Inset) iMSD trend at
a short timescale. (D) Fluorescence images of cells transfected with actin- GFP,
showing the effect of Lat-B on the integrity of actin filaments. Image adapted from ref.
15
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In spite of the recent advances in live-cell imaging technologies (e.g.
development of organelle-specific markers, optimization of labeling
procedures, and availability of highly sensitive optical microscopes -
67), observing subcellular structures at high spatial and temporal
resolution, and in living cells, is still a challenging task. By bringing
the iIMSD approach from the molecular to the subcellular scale, this
work demonstrates that retrieving both structural and dynamic
information of the cellular organelles is possible and can be achieved

by a fast and robust procedure.
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CHAPTER 2

2. IMSD: from molecular to sub-cellular
scale

In this Chapter, image mean square displacement (iMSD) method is applied to the
subcellular organelles to study their structural and dynamic properties. A unique
triplet of average parameters (diffusivity, anomalous coefficient and size), extracted
from each iMSD and represented in a 3D parametric space, define the so called
“dynamic fingerprint”.

Most of the content of this Chapter was peer-reviewed and published with co-authors

in:

- Digiacomo, L., D Autilia, F., Durso, W., Tentori, P. M., Caracciolo, G., &
Cardarelli, F. (2017). Dynamic fingerprinting of sub-cellular nanostructures by
image mean square displacement analysis. Scientific reports, 7(1), 1-10.

- Ferri, G., Digiacomo, L., D Autilia, F., Durso, W., Caracciolo, G., & Cardarelli,
F. (2018). Time-lapse confocal imaging datasets to assess structural and

dynamic properties of subcellular nanostructures. Scientific data, 5(1), 1-8.

2.1 Image-derived MSD (iMSD) analysis on molecular

scale

The typical scheme of an iMSD experiment is illustrated in Figure
2.1. The starting point is fast imaging of a given region of interest
32



within the cell. Then, the spatiotemporal correlation function is
calculated comparing acquired images at increasing time delays, for
example each 2, 3, n repetitions.

(A) Image-stack (B) Spatiotemporal (C) Motion characterization
acquisition correlation by iMSD

—— Sub-diffusion

- - - Brownian diffusion
Super-—diffusion

5 10 15 20

Tls)

Figure 2.1 Schematic representation of the iMSD-based dynamic fingerprint
analysis. (A) A stack of images of fluorescently-labelled intracellular nano-structures
is acquired by time-lapse confocal microscopy. (B) Spatiotemporal correlation
function is derived from image analysis by the iMSD algorithm (see Image processing
and data analysis for equations). (C) Gaussian fitting of correlation functions allows
to extract the iMSD plot, which in turn depicts the average diffusion law of the
structure of interest (exemplary cases are reported: super-diffusion, dotted red line;
isotropic diffusion, dashed red line; sub-diffusion, solid red line).

The width of the peak of the spatial autocorrelation function increases
at increasing time delays as a function of the movement of the object
of interest, independently of its particular mode of motion. By fitting
the spatiotemporal correlation function, the average iMSD can be
extracted. Three main iIMSD results might be expected, that is:

isotropic diffusion (dashed red line), super-diffusion (dotted red line),
33



or sub-diffusion/confined motion (solid red line). Thus, through fitting
procedures of the spatiotemporal correlation function, we determined
the kind of motion and measured all the relevant dynamic parameters.
Among them, we especially focused on anomalous diffusion exponent
a, short-term diffusion coefficient Dm and intercept value co?. This
parameter can provide quantitative information about the size of the
particle under study. To demonstrate this property, Di Rienzo et al
performed a set of simulations in which particles of increasing sizes
(R) freely diffuse in a box *°. As shown in Figure 2.2A, changing the
particle size does not affect the iMSD overall shape, but impacts on
the intercept value. As expected, co? increases for increasing R values.
The difference between co? and the independently measured PSF value

(in the present example 300 nm) yields the actual particle size.
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Figure 2.2 Effect of particle size on 60®. (A) iIMSD is linear with increasing oo® values
for increasing particle sizes. PSF on ordinate indicates the contribution of the
instrumentzal waist to oo value. (B) Accordance between the theoretical R value
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(imposed in the simulation) and that recovered from the analysis. Image reprinted
from ref. 1

Figure 2.2B shows the recovery of particle size in a rather broad range

spanning from a few tens to several hundred nanometers.

2.2 Image processing and data analysis

Both the iMSD processing of the acquired image-stacks and the
subsequent data analysis were carried out with custom scripts working
on MATLAB (MathWorks Inc., Natick, MA). In detail, we firstly
computed by Fourier methods the spatiotemporal correlation function
of the fluorescence intensity fluctuations g, which is defined as

follows:

_ {Goy )i+ yHnt+))
g&n1) = TETE 1 (Eq.1)

where & and 1 are the distance between correlated pixels in the x and
y directions, respectively, 1 is the time lag, i(x, y, t) is the fluorescence
intensity at point (x, y) and time t, and (...) indicates the average over
spatial and time variables x, y and t . g(&, n, 1) fit to standard

Gaussian functions, i.e.

E-veD?+(M-vyD)?
9T = go + g1 (@exp |~ EEIIL (£q.2)
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where the numerator of the exponential term describes the net flux of
particles along a specific direction in terms of average velocity, i.e.
(V) = ¥, = (v, v,) and the variance ¢*(t) represents the mean square
displacement of the ensemble as a function of the time lag. Thus,
overall information about the intracellular dynamics has been obtained
by the analysis of g(&, n, 1), without extracting and processing single
particle tracks. As an instance, we carried out a straightforward

categorization of motion by fitting 6 to a power-law equation, i.e.
d?(t) =c +xt* (Eq.3)

Where oo?is an intercept value related to the average particle size and
the waist of the point spread functions !¢ and a discriminates the
dynamics as i) Brownian diffusion (a=1), ii) super-diffusive motion
(a>1) and iii) sub-diffusion (0<1). Furthermore, more accurate models
allowed us to measure the involved dynamic parameters. More
precisely, an anomalous diffusion with a <1 can be regarded as a
confined motion and the trend of (1) can be fitted to the following

relationship *°:

0%(t) = 6 + 4Dyt + g (1 — exp {— TLC}) (Eq. 4)

36



Where L defines the linear size of the confinement area, t. is an index
of how fast confinement occurs, Dw is the particle diffusivity at large
time scale and represents 1/4 of the derivative of ¢? for t—oo.
Similarly, the short-term diffusivity D, is measured by the slope of ¢
for t — 0 and reads D,,, = Dy, + L?/(121,) *°. On the other side, if a
>1, the trend of 6?(1) is ascribable to the sum of a linear contribution
due to Brownian diffusion and a parabolic term that describes a
component of active transport along different directions on the focal

plane *’. In other words:
%(1) = 6 + 4Dt + v21? (EQ.5)

Where v,? represent the variance of particle velocity (i.e. v2 =
((¥ — (¥))?)) and D is the diffusion coefficient (which is the same
both for short and long time scale). Therefore, we characterized the
intracellular dynamics through Eqg. 3-5. Finally, we point out the
possibility to describe more complex dynamics as, for instance, that of
structures undergoing super-diffusive motion at a short time scale and
confined diffusion at a larger time scale. To describe these systems,
we propose the following generalization of the aforementioned

models:
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02(7) = 0@ + 4Dy +L;(1 ~ exp{- TL}) + v2e% exp{- TL}
(Eqg. 6)

Where 1 (v < 1c) represents a characteristic time, below which the
super-diffusive trend is dominant. Since the parabolic contribution
decreases exponentially, at larger time delays it becomes negligible
and the iMSD trend is determined by the confinement term. Worthy
of note, this "global" model describes hybrid super/sub-diffusive
behaviors within the employed correlation time window and preserves
the physical meaning and the corresponding derivation of all the
parameters, which are included in the previous descriptions. Finally,
those models are included in Eq. 6 as particular cases, i.e. Eq. 4 and
Eqg. 5 can be regarded as limits of Eq. 6 for 1,—0 and 1,—o0,

respectively.

2.3 IMSD analysis: from molecules to sub-cellular

nanostructures

At the subcellular scale, as mentioned earlier, the average size of the
diffusing objects becomes typically comparable with the characteristic

size of the observation spot and, as a consequence, measurable. Thus,
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at this scale, the parameters of a time-lapse imaging acquisition
suitable for proper iMSD analysis can be adjusted based on the known
characteristic size of the object of interest. We proved this basic
principle by exploiting the lysosome as target organelle. (Figure 2.3).
We can assume that only if the time resolution of imaging is
appropriate to describe the motion of the organelle under study, this
latter will appear as ‘immobile” within each captured frame, i.e. it will
display a characteristic size that, on average, is not deformed due to
the imaging speed. We can also reason to artificially immobilize the
organelle of interest by fixing the sample. This condition can be used
as a reference to obtain the expected organelle size under the imaging
conditions chosen (e.g. laser wavelength, pixel size, objective, etc.).
This is shown in Figure 2.3A-C for lysosomes, along with an
acquisition performed in live cells at the desired temporal resolution
(i.e. 65 ms/frame, Figure 2.3B), and an acquisition performed
intentionally at slow speed (i.e. 10 sec/frame, Figure 2.3C). Thus, we
show quantification of organelles sizes directly from the optical

microscopy images (Figure 2.3D).
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Figure 2.3 Setting the experimental parameters. (A) Exemplary image of stained
lysosomes in a fixed sample. Scale bar: 2 um (B) First frame of a stack of images of
stained lysosomes in a living cell, acquired with the appropriate parameters.
Temporal resolution: 65 ms/frame. Scale bar: 2 um (C) First frame of a stack of
images of stained lysosomes in a living cell, acquired at low speed: artifactual
deformation of the apparent lysosome size due to organelle motion during imaging is
clearly visible. Temporal resolution: 10 s/frame. Scale bar: 2 um. (D) Example of size
calculation for imaged lysosomes in blue ROI of (A), (B) and (C). The intensity profile
along the blue line was fitted with a Gaussian function to retrieve the FWHM, i.e. an
estimate of spot size. FWHM values are reported for each fitting. (E) Graphical
representation of size values obtained by image analysis described in panel (D) for
all imaged lysosomes (black square, mean value and standard deviation), for

40



lysosomes enclosed within the blue ROI (blue triangle) and retrieved by iMSD
analysis (red circle).

In particular, the size of each organelle/structure in the image is
extracted by means of ImageJ software. For each spot of imaged
lysosomes, intensity profile is plotted and fitted with a Gaussian
function to obtain full width at half maximum (FWHM) value that can
be assumed as estimation of spot diameter. As expected (Figure 2.3
e), the acquisition performed at an appropriate temporal resolution (65
ms, in this case) yields a characteristic size of the structure of interest
that closely resembles that obtained from the fixed sample, either by
using the standard tool described above or the iMSD y-axis intercept.
By contrast, the artificially slow acquisition yields a substantially
enlarged apparent size of the same structure, due to its substantial
movement during imaging. It is clear that, under these latter
experimental conditions, both the structural and dynamic information
embedded into the time-lapse acquisition do not faithfully describe the
intrinsic properties of the structure of interest. Concerning the spatial
dimension, it is suggested to oversample the pixel by the available PSF
of the laser beam, i.e. set a pixel size at least 3-5 times smaller than
the PSF.
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2.4 The role of the time window: super-diffusive or sub-

diffusive lysosomes?

A fully expected property of the proposed analysis is that the overall
shape of the resulting iMSD must strictly depend on the timescale
considered. A limit case on a very large timescale, for instance, is the
total confinement due to the plasma membrane impenetrable
boundary, irrespective of the chosen intracellular structure. On the
other end, on a very short timescale, one may expect to grab the local
mode of motion of the structure. To show how this applies to a real

case, we show here an application to the lysosome.

Lysosomes are sub-micrometric, dynamic, membrane-enclosed sub-
cellular organelles. They represent the main degradative
compartments of the cell %, but have recently been proposed as
signaling hubs, with a central role in a number of crucial processes,
from nutrient sensing to metabolism and cell growth regulation 70,
As for many other sub-cellular structures/compartments, it is now well
appreciated that the simultaneous tight control of lysosome structural
(e.g. size) and dynamic (e.g. diffusivity, mode of motion) properties is
key to their function in the cell, in physiology and in pathology *"*-

8, In spite of the huge research efforts, retrieving quantitative,
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simultaneous access to both structural and dynamic information on

such tiny subcellular structures remains a challenge in the field.

Technically, we performed three consecutive measurements on the
same cell, at three different timescales, namely: i) a short timescale (O-
0.5 seconds), ii) an intermediate timescale, coincident with that used
for all the structures (0-12 seconds), and iii) a long timescale (0-60
seconds) (Figure 2.4). At first glance, the iMSD analysis reveals three
very different dynamic fingerprints of the lysosome. In particular, on
the shortest timescale, the iMSD plot clearly shows the emergence of
an average super-diffusive behavior of lysosomes (a=1.24+0.13) (Fig.
3).
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Figure 2.4 Exemplary iMSD plots of the lysosome at three different temporal scales:
short, 0-0.5 seconds (left, light grey); intermediate, 0-12 seconds (middle, grey); long,
0-60 seconds (right, dark grey).
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Please consider that this corresponds to active transport of lysosomes
along different (random) directions (with a measured speed of about
0.12 pm/s), as no overall movement of the peak of the spatiotemporal
correlation function (i.e. concerted movement of the lysosomes in one
preferential direction) was detected. Of note, this result speaks in favor
of lysosome possible movement along cytoskeleton components
(possibly microtubules, based on previous evidences ™). As a
control for this, we performed an experiment in presence of 10 uM
Nocodazole (see Materials and Methods for more details) to induce
selective microtubule depolimerization. As expected, under these
conditions, lysosome super-diffusive behavior vanishes in favor of a
slightly sub-diffusive local motion (¢=0.81 £ 0.33) and a sensibly
reduced local diffusivity (Dm=[3.3 + 1.6]x10° pm?/s) (Table 3.1). Of
note, the super-diffusive behavior vanishes also if we extend the
timescale of the acquisition. At an intermediate timescale (the same
reported in Figure 2.9) the average dynamics of lysosomes is
characterized by a coefficient below 1, indication of a sub-diffusive
behavior that can be readily ascribed to the effect of the complex
intracellular environment on lysosome movement. This effect is much
more evident if the timescale of the acquisition is further extended to
60 seconds (0=0.33 = 0.10) (Figure 2.5 and Table 2.1).
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The detected super-diffusive and sub-diffusive trends at different
timescales can be described by a unique model, which quantifies the
time extent within which the super-diffusion is dominant, as well as

all the other involved dynamic parameters.

2 107 L ot
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Figure 2.5 Dynamic fingerprint of the lysosome at different spatiotemporal scales.
3D plot of the dynamic fingerprint of the lysosome at the three different temporal
scales.

This description is expressed by Eg. 6 and overcomes the apparent
incoherence of the measured a-values associated to the same sub-

cellular structure. In this regard, Figure 2.6 shows a representative
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experimental curve and the corresponding fitting curve (red) that has

been computed according to Eq. 6.
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Figure 2.6 The first 6 seconds of the iMSD plot of Figure 2.4. The graph (left panel)
shows the goodness of the fit to the global model (red line and residuals, Eqg. 6 in
Image processing and data analysis). The derivative of the iMSD plot shows the trend
of the measured diffusivity right panel).

The model is in good agreement with the experimental trend and the
transition from super- to sub-diffusion is even more noticeable in the
derivative plot, which shows an almost linear increase in the particle

mobility at short timescale (super-diffusion) from an intercept value
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Dm, until a maximum is reached and then an exponential fall (sub-

diffusion) toward an asymptotic value Dw.

In conclusion, we show that lysosome mobility is a combination of
active transport and sub-diffusion. By averaging the behavior of many
lysosomes at the same time, we can define directed motion and sub-
diffusion as ‘collective’ transport properties for this organelle within
the cytoplasm. It is worth noting that these two modes of motion were
already proposed based on tracking experiments conducted on single,
isolated lysosomes 476, What we can add here by iMSD analysis is
the average spatiotemporal relationship between these two processes:
active transport regulates lysosome movement, on the average, at a
short timescale (and small spatial scale), while sub-diffusion plays a
major role, on the average, at a longer timescale (and larger spatial
scale). In this regard, interestingly, Balint et al. recently proposed a
model of lysosome motion postulating that the intersections between
microtubules are able to impose a significant hindrance to directed
motion, thus leading to long pauses in transport or, eventually,
switches to diffusion 2® (Figure 2.7). Our results, in keeping with such
model, define the average spatial (and temporal) extent of the

contribution of directed motion along microtubules.
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Figure 2.7 Mechanistic model of lysosome transport along microtubule network.
When cargo arrives at a microtubule—microtubule intersection in which the axial
separation of the intersecting microtubules is larger than 100 nm, there is minimal
hindrance to the forward motion and transport continues on the same microtubule
without disruption (A). When the axial separation of the intersecting microtubules is
less than 100 nm, the intersection presents a major obstacle, stalling the motors and
momentarily stopping forward motion until the obstacle is overcome (B). Cargos that
are not positioned between the intersecting microtubules continue moving forward on
the same microtubule without feeling the obstruction from the intersection (C). Image
reprinted from ref. 26

2.5 The dynamic fingerprint of intracellular structures

At this point, having set the basic rules for iMSD calibration, the
approach is ready to be used in a number of different applications at
the subcellular scale. To prove this potency, variants of the major
structures involved in endocytic processes (namely: caveolae,
clathrin-coated vesicles, and macropinosomes) and in the subsequent
intracellular processing of internalized cargoes (namely: early

endosomes, late endosomes, and lysosomes) were fluorescently
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labelled. For each of these structures, the local diffusivity (Dmicro,
hereafter Dm), the anomalous-diffusion coefficient (o), and the offset
parameter (co?) are extracted by fitting the iMSD plot and represented
in a parametric 3D space, within which the results of a specific image-
stack correspond uniquely to a data point. In turn, a set of image-stacks
exploring the dynamics of a specific sub-cellular structure defines a
multivariate 3D distribution, with particular location and orientation
in the parameter-space. We quantified these geometrical features by
diagonalizing the covariance matrix of the distribution, then we
defined the resulting ellipsoid according to the obtained eigenvalues
and eigenvectors. In this way, the space within the ellipsoidal surface
can be regarded as the analogue of the confidence interval [mean - SD,
mean + SD] for 1-dimensional distributions. In this way, the whole
population of diffusing objects probed for each cell will be represented
by a unique triplet of parameters, i.e. by a single point in the 3D plot.
Thus, clustering of single-cell experimental points readily depicts
what we call the “dynamic fingerprint” of the selected structure at the
whole-cell-population level. Worthy of note, by this approach we
easily demonstrate that each of the analyzed structures segregates into
a separate region of the chosen parametric space, according to the
almost unique combination of its characteristic average size and
dynamic properties.
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Figure 2.8A and B show live-cell confocal images and representative
iMSD traces of three well known subcellular structures involved in
endocytic processes in HelLa cells, namely caveolae (red curve),
clathrin-coated vesicles (blue curve) and early macropinosomes
(green curve). The definition ‘early’ is here used to distinguish
measurements performed on macropinosomes at early stages of
trafficking (i.e. within 80 minutes after administration) from those
performed at an intermediate stage (i.e. from 80 to 120 minutes after
administration) and from those performed at late stages (i.e. after more
than 120 minutes from administration).
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Figure 2.8 Dynamic fingerprint of exemplary intracellular nanostructures. (A)
Representative confocal images of clathrin-coated vesicles, macropinosomes, and
caveolae, respectively (green signals). The blue signal indicates the nucleus. Scale
bar: 10 um. (B) Representative iMSD plots of the three structures with error bars
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(clathrin-coated vesicles in blue, macropinosomes in green, and caveolae in red). (C)
3D plot of extracted parameters shows the differences in the dynamic (short-range
diffusivity and anomalous coefficient) and structural (size) properties of the selected
structures.

These latter cases are discussed later in the text and presented in
Figure 2.10. The iMSD traces, already by visual inspection, reveal
clear differences in the characteristic structural and dynamic
properties of the selected structures. More quantitatively, the extracted
parameters (Dm, 0, and 6¢%) are combined together, as described above,
to highlight the characteristic dynamic fingerprint of each structure
(Figure 2.8C). A few aspects are worthy of mention. First, the three
pathways are clearly distinguishable one from the other in terms of the
average characteristic size of the structures involved. Although we
cannot directly compare our data with previous electron-microscopy-
based analyses on these organelles (e.g. 7"-"°), the retrieved c¢? values
nicely match the expectations, with macropinosomes being, on the
average, larger than clathrin-coated vesicles and caveolae (Figure
2.8C, see also Table 2.1). In addition, from a dynamic point of view,
clathrin-mediated endocytosis appears to involve structures
substantially more mobile, in terms of local diffusivity (Dm=[16.2 £
9.9]x10° um?/s), as compared to both caveolae ([3.1 + 1.8]x103
um2/s) and macropinosomes ([8.3 + 9.0]x10- um?/s). This result is not

surprising, as clathrin-coated vesicles are known to readily detach
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from the plasma membrane (in a few seconds &) to become free to

move across the cytoplasm.

a 6¢” (nm?) D (X10um?/s) Dy (x10°° pm?/s)
cme (33) 048 £0.17 0.27 £ 0.06 16.2+9.9 28+13
cav (15) 1.00+0.22 0.17 £ 0.04 31+18 1.2+05
e-mcr (23) 0.79+0.27 1.13+0.95 8.3+9.0 25+22
i-mcr (38) 0.60 +£0.38 0.52+0.28 13.7+£19.9 22+27
I-mcr (25) 0.39+0.21 0.37+0.16 5847 04+03
e-endo (41) 1.02+0.20 0.16 +£0.08 3.0+24 1.1+£06
I-endo (58) 0.58 £0.16 0.50 £0.15 15.4+10.6 31+18
lyso (60) 0.56 +0.12 0.29 £0.10 12.3+7.0 27+10
lyso_fast (26) 1.24+0.13 0.32+0.08 119+73 10.4+7.6
lyso_medium (26) 0.55+0.13 0.33+0.10 13.0+6.7 26+15
lyso_slow (26) 0.33+0.10 0.39+0.10 104 £3.7 12+05
lyso fast+ NCZ (7)  0.81+0.33 0.39+0.08 33+16 16+1.0

Table 2.1 Parameters extracted from the iMSD fitting. Values are reported as Mean
+ Standard Deviation. The number of cells analyzed for each sample is reported in
the first column, within brackets.

By contrast, caveolae are characterized by quite long residency times
at the plasma membrane, and slow intracellular trafficking 8.
Similarly, macropinosomes at an early stage of formation are large,
membrane-bound structures, whose detaching and subsequent
trafficking necessitates coordinated cellular processes to be executed,

such as actin polymerization, ruffle closure, etc. . Interestingly,
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however, the combination of such differences in local mobility of
these structures with their respective average anomalous coefficient
(0= 0.48 £ 0.17 for clathrin-mediated endocytosis, and o= 1.00 + 0.22
and 0.79 = 0.27 for caveolae and macropinosomes, respectively)
produce the effect that they become quite similar if compared on the
basis of their long-range diffusivity (Dwm, see Image processing and
data analysis; values are reported in Table 2.1), i.e. they are able to
explore the intracellular environment to a very similar extent, at large

spatial scales.

2.6 The dynamic fingerprint of the endosome-lysosome

pathway

At this point, by means of iMSD we characterized the dynamic
fingerprint of the entire ‘endosomal-lysosomal system’ ?°, one of the
main intracellular pathways devoted to the processing of internalized
cargoes, that is: early endosomes, late endosomes and lysosomes
(representative images of their fluorescently labelled variants and

average iMSD curves are shown in Figure 2.9A).

The extracted parameters depict a scenario in which the transition

from early to late endosomes entails the involvement of larger (shift
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in o¢%, from 0.16 + 0.08 um? to 0.50 + 0.15 pm?) and more mobile
(shift in local diffusivity, Dm, from [3.0 + 2.4]x1073 um?/s to [15.4 +
10.6]x10° um?/s) structures (see Figure 2.9B-C and Table 2.1).
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Figure 2.9 Dynamic fingerprint of the endosome-lysosome pathway. (A)
Representative confocal images of early endosomes, late endosomes, and lysosomes,
respectively (green signals). Scale bar: 10 um. (B) Representative iMSD plots of the
three structures with error bars (early endosomes in dark yellow, late endosomes in
orange, and lysosomes in grey). (C) 3D plot of extracted parameters shows the
differences in the dynamic and structural properties of the selected structures.

The increase in size is not surprising, as late endosomes are known to
have the morphological characteristics of multivesicular bodies 8. On
the other hand, the increased diffusivity of late endosomes can be
linked to their preferential localization in the center of cell cytoplasm,

as compared to early endosomes, which are mainly membrane-located
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organelles . Also, the (apparent, as explained above) contradiction of
the Stokes-Einstein relation at short spatial scales is compensated, at
larger spatial scales, by the differential contribution of the anomalous
coefficient a (1.02 £ 0.20 for early endosomes and 0.58 + 0.16 for late
endosomes), so that the long-range dynamic behavior of these
structures is quite similar (Dwm values in Table 2.1). Finally, transition
from late endosomes to lysosomes entails an expected decrease of the
characteristic average size of the structures, while no significant

changes in local diffusivity are observed (Table 2.1).

2.7 The ‘strange’ case of the evolving macropinosome

It is worth spending a few words on the case of macropinosomes and
the results obtained by iMSD on these subcellular targets. As
mentioned above, macropinocytosis defines a series of events initiated
by extensive plasma membrane reorganization or ruffling to form an
external macropinocytic structure that is then enclosed and
internalized "’. Internalized macropinosomes at an early stage of
trafficking share many features with phagosomes and both are
distinguishable from other forms of endocytic vesicles by their large

size (see results in Figure 2.10), morphological heterogeneity and lack
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of coat structures. In general, the paucity of information available on
macropinocytosis has hampered efforts to characterize its dynamics
and to identify regulatory proteins that are expressed in order to allow
it to proceed. What is known from biochemical analyses is that, after
internalization, macropinosomes gradually get enriched of regulatory
proteins common to other endocytic pathways, in turn suggesting that
their identities as unique structures are short-lived . In particular, by
using antibodies against known markers of the endosomal pathway in
fixed cells, it was shown that macropinosomes progressively develop
classical endosomal characteristics before diminishing in size,
developing into late endocytic structures (e.g. lysosomes) or
eventually losing their identity via membrane retrieval 8%, To our
knowledge, however, no report thus far addressed this endocytic route
(and its temporal evolution) from a dynamic point of view in live cells.
Here we address this process by the iMSD approach. After 20-min
incubation of cells with 70-kDa dextrans, we acquired time series of
trafficking macropinosomes at different time points, from 30 minutes
up to approximately 3 hours after treatment. For simplicity, we divided
the time points into three major groups: early macropinocytosis (30-
70 min, already discussed, e-mcr in Table 2.1), intermediate
macropinocytosis (80-120 min, i-mcr in Table 2.1), and late
macropinocytosis (>120 min, I-mcr in Table 2.1). Nicely, we are able
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to highlight the gradual change in the structural and dynamic
properties of macropinosomes during trafficking (Figure 2.10A).
While no significant changes in the local diffusivity of
macropinosomes occurs during trafficking, both their size and overall
mode of motion (o) are substantially modified in time (3D plot of
Figure 2.10A).
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Figure 2.10 The time evolution of the macropinosome dynamic fingerprint. (A)
Exemplary iMSD plots of macropinosomes at three different stages of trafficking:
early (30-70 min), intermediate (80-120 min), and late (>130 min). (B) 3D plot
showing the time evolution of the dynamic fingerprint of macropinosomes from early
(light green) to intermediate (white) and finally late (dark green) stages of trafficking.

In particular, during trafficking, we observe a gradual decrease of the
macropinosomes average size (Figure 2.10A and B, see also Table

2.1), and a concomitant increase of the sub-diffusive nature of their
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motion (Figure 2.3A and, see also Table 2.1). As a further analysis,
we calculated the number of macropinosomes in each acquisition:

results are reported in Figure 2.11B and clearly show an increase of

N in time.
A B
2.5 50
2 40+ *

50 100 150 80 100 150
time (min) time (min)

Figure 2.11 The time evolution of the macropinosome in size and number. (A)
Statistics on the average size (offset, 6%) of macropinosomes observed at the different
time points. (B) Statistics on the average number (N) of macropinosomes observed at
the different time points.

Overall, these observations well depict a scenario in which the
macropinosomes originate as large structures at the membrane and
then evolve, during intracellular trafficking, by decreasing in size and
increasing in number. These results highlight the evolving ‘dynamic
nature’ of these organelles that, together with their ‘biochemical

nature’, defines their overall functional properties within the cell.
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CHAPTER 3

3. Probing labeling-induced alteration of
lysosome structural/dynamic properties
by iMSD

In this Chapter, alterations of structural and dynamic properties of lysosome, caused
by labelling strategies and/or procedures, are probed using iMSD. In particular, it is
shone how Lipofectamine reagents, used to transiently express lysosome markers
fused to fluorescent proteins, irreversibly alter the organelle structural identity. On
the other hand, Effectene- and electroporation-based strategies are able to preserve
lysosome structural and dynamic identity.

Most of the content of this Chapter was peer-reviewed and published with co-authors

in:

- Durso, W., D'Autilia, F., Amodeo, R., Marchetti, L., & Cardarelli, F. (2018).
Probing labeling-induced lysosome alterations in living cells by imaging-derived
mean squared displacement analysis. Biochemical and biophysical research
communications, 503(4), 2704-2709.

Our ability to study lysosome function in living cells strictly relies on
the use of lysosome-specific fluorescent probes tailored to optical
microscopy applications. An often neglected aspect is probing the

influence of labelling strategies/procedures on lysosome properties in
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live cells. In this Chapter the alterations of lysosome structural and

dynamic properties upon labeling are investigated by means of iMSD.

3.1 iMSD detects structural and dynamic alterations of

lysosome induced by labelling

We showed how the retrieved lysosome structural and dynamic
features change depending on the experimental parameters (e.g. time
scale selected, temporal resolution, pixel size, etc.), thus identifying
specific guidelines for lysosome proper imaging and iMSD-based
analysis 878 Still, an unavoidable requirement for optical-
microscopy-based analyses in living cells is labelling the structure of
interest by fluorescent probes. This is typically achieved by either
targeting a fluorescent (organic) dye to the lumen of the lysosome (e.g.
LysoTracker) or by covalently attaching a genetically-encoded
fluorescent protein (FP) to a lysosomal protein marker &, This latter is
then expressed upon transient or stable transfection of the
corresponding plasmid by means of standard procedures, such as
lipofection or electroporation. In spite of the large amount of data
produced in live cells on lysosomes following these procedures, little

is known about the effect of standard labelling strategies on the
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average structural and dynamic properties of this organelle. We tackle

this issue here by the iMSD approach.

We benchmarked lysosome structural and dynamic features by using
the standard fluorescent dye LysoTracker Red administered to HelLa
cells following manufacturer’s protocol. Time-lapse imaging of a
region of interest ([17.28x17.28] um) within the cell cytoplasm at a

fixed total timescale (0-12 seconds) was performed (Figure 3.1A).

iMSD (urm)

Time (s)

Figure 3.1 iMSD analysis to calculate the average structural and dynamic
properties of lysosomes. (A) Confocal fluorescence microscopy image of a control
HeLa cell shows the normal distribution of lysosomes labeled with LysoTraker Red.
A stack of images from a sub-region of the image (yellow square) is acquired with
temporal resolution of 112 ms. Scale bar 10 um. (B) Plot of iMSD vs. time of control
lysosomes populations with the average trace in red and the three output parameters
(size, Dm and «) indicated.

Spatiotemporal correlation analysis is performed on the acquired
image stacks to calculate the average displacement of lysosomes. The
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whole population of retrieved iMSD traces is reported in Figure 3.1B,
together with the average trace (bold red line). iMSD fitting yielded a
guantitative picture of the average lysosome structural and dynamic
properties in our experiments. In particular, the measured co? (y-axis
intercept of the iIMSD trace, used to estimate the organelle size, as
previously demonstrated 8), D (local diffusivity), and a coefficient
(anomalous diffusion coefficient) are reported, in the form of Mean £

SD values, in Figure 3.2, red squares (see also Table 3.1).

As expected, results are in line with our previous observations &8,
and with available literature ®. These benchmark values were further
tested by probing expected variations of lysosome size and dynamics.
Concerning size, cells were treated with 50 UM Sucrose and then
imaged using Lysotracker. Since sucrose is not degraded within the
lysosome, it is accumulated and induces an osmotic-swelling effect on
the organelle *. In fact, iMSD analysis highlights an average increase
(approximately 100 nm) in lysosome size upon Sucrose treatment
(Figure 3.2, white squares and Table 3.1), with a concomitant minor
effect on dynamics. Concerning dynamics, lysosome local diffusivity
(Dm) was dramatically reduced upon ATP depletion (Figure 3.2, black

squares and Table 3.1), with no effect on lysosome size.
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Construct N Size (um) Dm (um’/s) a
Control 143 471 + 66 0.015+ 0.01 0.49+0.13
Sucrose 176 641 + 119 0.02 + 0.009 0.34+0.1
ATP depletion 78 469 + 68 0.004 + 0.003 0.55+ 0.09
CD63 4h 59 658 + 138 0.01 + 0.006 0.53+0.11
CD63 24h 54 774 £ 137 0.017 £ 0.01 0.48+0.16
AT LAMP1 4h 46 602 + 107 0.014 + 0.007 0.48+0.13
LAMP1 24h 72 723 £ 137 0.018 + 0.01 045+ 0.14
EGFP 4h 31 611 + 90 0.01 + 0.007 0.49 +0.09
EGFP 24h 41 722 £ 141 0.013 + 0.007 0.46 +0.12
CD63 24h 48 675+ 151 0.011 + 0.007 0.45+0.13
Effectene LAMP1 24h 69 622 + 193 0.012 + 0.009 05+0.13
EGFP 24h 30 480 + 157 0.007 + 0.005 0.58 +0.24
Ctrl electroporation 25 422 + 50 0.015 + 0.007 0.53+0.13
CD63 79 689 + 201 0.012 + 0.007 0.51+0.13
Electroporation LAMP1 119 649 + 157 0.017 £ 0.01 0.47£0.12
EGFP 14 507 + 65 0.01 + 0.008 0.52+0.21
Baculovirus LAMP1 45 728 + 202 0.01 + 0.009 0.51+0.2
Stable transfection CD63 44 526 + 104 0.008 + 0.004 0.49+0.13
LAMP1 44 502 + 100 0.006 + 0.003 05+0.12
Ctrl stable transfect. 23 461+ 79 0.006 + 0.003 0.59+0.1
Recovery 48h EGFP 24h 28 676 + 118 0.012 + 0.006 0.53+0.11

Table 3.1 Parameters extracted from the iMSD fitting. Values are reported as Mean
+ Standard Deviation.

This matches previous results by Mithieux, G. & Rousset, B. °, and is

probably due to a more persistent interaction of lysosomes with

microtubules in absence of ATP. We set out to study a number of

lysosome-specific labeling strategies/procedures, which are routinely

used worldwide. In particular, as mentioned above, we selected two

specific protein markers of the lysosome, namely, LAMP1 and CD63

(Figure 3.3).
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Figure 3.2 Variation of lysosome size and dynamics detected by iMSD. Comparison
between the average size, Dm and a values of the control (+SD) with those obtained
under Sucrose exposure and ATP depletion. The “*’ symbol indicates a Kolmogorov-
Smirnov test with p<0.001. The number of analyzed cells for each condition are
reported in Table 3.1.

Their FP-tagged variants were introduced into cells by transfection,
either transient (using Lipofectamine, Effectene, or electroporation) or
stable, in HeLa cells. As an obvious control, we probed that lipofection
resulted in the proper co-localization of both CD63-EGFP and
LAMP1-GFP with the LysoTracker fluorescence signal (Figure 3.4,
using Lipofectamine), in keeping with previous reports 491-%4 A||
tested conditions were compared to the Lysotracker-based benchmark
by statistical meta-analysis on the three measured parameters, 6¢%, D,
and o, as reported in Figure 3.5A-C. First, it is worth noting that
Lipofectamine-driven transient expression of both LAMP1-GFP and
CDG63-EGFP vyields clear structural alteration of lysosomes: a

statistically significant average enlargement (1.6 folds, corresponding
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to ~250 nm) of the organelle is found in both cases at 24 hours post-
transfection, although with no consequences for lysosome dynamic

properties (Figure 3.5A-C, full blue and green circles, respectively).

B-glucocerebrosidase

Figure 3.3 Schematic view of a lysosome and of the lysosomal membrane. LAMP1
and CD63 proteins are specific lysosomal marker. CD63 was shown to be involved in
fusion events with the plasma membrane. Both LAMP-proteins (LAMP-1 and LAMP-
2) participate in autophagic pathways and it was proposed that they are also needed
to control the motility of lysosomes though dynein-mediated transport along
microtubules®. Image reprinted from ref. %
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A CD63-EGFP LysoTracker Colocalization

Lipofectamine

B LAMP1-GFP LysoTracker

o -

C CD63-EGFP LysoTracker Colocalization

o .

D  LAMPI-GFP

Electroporation .

Figure 3.4 Co-localization assays. (A, B) Confocal micrographs of HelLa cells
expressing the lysosomal markers CD63-EGFP or LAMP1-GFP (both in green),
transfected using Lipofectamine reagents, with lysosomes co-labelled with
LysoTracker (in red), after 24 h of incubation with Lipofectamine-plasmid complexes.
(C, D) Confocal micrographs of HeLa cells expressing the same lysosomal markers,
but transfected using electroporation (lysosomes are co-labelled with LysoTracker, in
red). Scale bars: 10 pm.

LysoTracker Colocalization
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Figure 3.5. (previous page) Statistical meta-analysis of lysosome structural and
dynamic properties under different experimental conditions. Mean + SD values for
size (A), Dm (B), and a (C) for all the conditions tested, which are detailed on the left
and right axes. The ‘*’ symbol indicates a Kolmogorov-Smirnov test with p<0.001.
The number of analyzed cells for each condition are reported in Table 3.1.

A similar effect is produced even if the time of exposure to
Lipofectamine reagents is reduced to 4 hours. Moreover, such
structural alteration of the lysosome is irreversible, as no recovery is
observed even after 48 hours of incubation in Lipofectamine-free
medium. To test whether the lysosome structural alteration is caused
by protein over-expression or by exposure to Lipofectamine reagents,
an experiment was performed by the Lipofectamine-based transient
expression of a lysosome-unrelated protein, i.e. untagged EGFP.
Notably, Lipofectamine-driven expression of EGFP is associated with
a clear enlargement of lysosomes (Figure 3.5A, full black circle),
almost to the same extent as described for LAMP1-GFP and CD63-
EGFP. This result prompted us to test additional transfection
reagents/procedures. In particular, we used Effectene (as an alternative
lipid-based, but non-liposomal, method) and cell electroporation (in
which an external electrical field is applied in order to transiently
increase the permeability of cell membranes). It is worth noting that
both methods are not producing lysosome alterations, neither
structural nor dynamic, if associated with untagged EGFP (Figure

3.5A-C, empty black circles and black stars, respectively). Quite
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surprisingly, however, both methods induce lysosome alteration
(~1.5-fold increase in size, but negligible effect on dynamics) if
associated with the expression of the two lysosome protein markers,
LAMP1-GFP and CD63-EGFP (Figure 3.5A-C, empty blue/green
circles and blue/green stars). Taken together, these latter results, even
if quantitatively similar to those obtained using Lipofectamine
reagents, point to the effect of protein over-expression on the
lysosome structural integrity. A number of additional control
experiments and analyses were set to probe this hypothesis. First, two
HelL a-based cell lines stably expressing either LAMP1-GFP or CD63-
EGFP were generated in order to keep the recombinant protein
expression at a minimum (see Materials and Methods for details).
Notably, this was enough to recover the actual size of the lysosome
(Figure 3.5A, empty blue and green squares, respectively),

irrespective of the specific protein marker used.

3.2 Correlation between marker expression and lysosome

size

At this point, in order to clarify whether lysosome structural

alterations depend on the amount of protein accumulated on the
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lysosome membrane, we quantified the mean fluorescence intensity
(MFI) of the whole population of imaged lysosomes per each cell in
our transient transfection experiments and correlated MFI to the iMSD
readouts. The scatter plots in Figure 3.6 - Figure 3.9 show the results
obtained for LAMP1-GFP expressed under different transfection
protocols. It is anticipated here that similar results were obtained with
CDG63-EGFP. Interestingly, the plot in Figure 3.6 clearly
demonstrates that lysosome structural alteration under Lipofectamine
treatment is independent of the protein final concentration obtained on
the organelle membrane (i.e. no significant correlation between MFI

and apparent lysosome size in LAMP1-GFP expressing cells is found,
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Figure 3.6 Effect of LAMP1-EGFP overexpression on lysosome structure. Plots of
lysosome average size vs MFI for LAMP1-EGFP positive lysosomes in cells
transfected using Lipofectamine (full blue dots).
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By contrast, if LAMP1-GFP expression is triggered by Effectene-
(Figure 3.7) or electroporation-based procedures Figure 3.8, a clear
positive correlation is observed between the MFI and the extent of
lysosome enlargement (fit slope>1): i.e. the higher the LAMP1-GFP

expression level, the higher the average size of lysosomes.

Please note that low expression levels of LAMP1-GFP (lower-left
portion of the plots in Figure 3.7 and Figure 3.8) yield an average
lysosome size close to that of the Lysotracker control (the y-axis
intercepts of the linear fits correspond to ~420 nm for Effectene and
~520 nm for electroporation) and to that retrieved from stably-
transfected cell lines (the range of observed MFIs for these latter is

indicated in all plots by a grey vertical band).
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Figure 3.7 Effect of LAMP1-EGFP overexpression on lysosome structure. Plots of
lysosome average size vs MFI for LAMP1-EGFP positive lysosomes in cells
transfected using Effectene (empty blue dots).
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Figure 3.8 Effect of LAMP1-EGFP overexpression on lysosome structure. Plots of
lysosome average size vs MFI for LAMP1-EGFP positive lysosomes in cells
transfected using electroporation (blue star).

An additional, commercially-available, transfection tool was tested for
LAMP1-GFP transient transfection, based on Baculovirus (Figure
3.9, see Materials and Methods for further details): the obtained
results recapitulate what already discussed for Effectene- and
electroporation-based experiments (y-axis intercept here corresponds
to ~480 nm). Overall, reported results support the idea that
Lipofectamine reagents may accumulate in the lysosome (as already
recently observed by some of us 2”) causing persistent changes to the

lysosome structural properties.
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Figure 3.9 Effect of LAMP1-EGFP overexpression on lysosome structure. Plots of
lysosome average size vs MFI for LAMP1-EGFP positive lysosomes in cells
transfected using Baculovirus (blue triangles)

The alternative methods used, instead, are able to preserve lysosome
structural identity, provided that recombinant protein expression is
kept low. Regard to this latter result, a reasonable interpretation for the
concentration-dependent deformation of the lysosome can be the steric
hindrance due to multiple copies of either LAMP1-GFP or CD63-
EGFP on the organelle membrane: both markers, in fact, contain

transmembrane domains 949,

In  conclusion, we unequivocally demonstrated here that
Lipofectamine-based transient transfections lead to a substantial shift
towards higher values of average lysosome size, irrespective of the
fluorescent marker used (even if not lysosome-specific). This in turn

suggests that the lysosome is highly sensitive to exposure to
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Lipofectamine-DNA complexes, probably due to the accumulation of
the lipidic component within the organelle. Most importantly, the
lysosome alteration induced by Lipofectamine-based treatments can
mask structural/dynamic alterations attributable to other causes (e.g.
the overexpression of a lysosomal-specific marker, external stimuli, or
even pathological conditions %), By contrast, Effectene- and
electroporation-based strategies are able to preserve lysosome
structural and dynamic identity, thus allowing to identify alterations
due to other factors, as those mentioned above. In regard to this latter,
we reported that the lysosome protein markers unavoidably alter the
size of lysosomes in a concentration-dependent manner. This means
that fine-tuning of their concentration (exclusively under the
transfection conditions identified above) offers the possibility, in
principle, to properly label the lysosome in live cells. These findings
call into question the interpretation of a significant amount of previous
data on labelled lysosomes from living cells, and suggests that
multiple labeling strategies should be used to define their

structural/dynamic properties.
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CHAPTER 4

4. Lysosome structural and dynamic
properties during NSCs differentiation

In this Chapter, the lysosome dynamics during the differentiation of neuronal stem
cells (NSCs), obtained from mouse embryonic stem cells (mESCs), is investigated, in
the cell soma, by means of iMSD. Single particle tracking (SPT), instead, allowed to
properly characterized the organelle motion in all the cellular districts (included the
projections) of the neuronal differentiating cell.

Most of the content of this Chapter was peer-reviewed and published with co-authors

in:

- Durso, W., Martins, M., Marchetti, L., Cremisi, F., Luin, S., & Cardarelli, F.
(2020). Lysosome Dynamic Properties during Neuronal Stem Cell
Differentiation Studied by Spatiotemporal Fluctuation Spectroscopy and
Organelle Tracking. International journal of molecular sciences, 21(9), 3397.

In this chapter, we investigated the lysosome dynamics during the
differentiation of neuronal stem cells (NSCs), obtained from mouse
embryonic stem cells (MESCs) differentiated using a protocol that
mimics cortical development in vitro %. Embryonic stem cells (ESCs)

are pluripotent cells with the capacity to renew themselves or to
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differentiate into any of the three embryonic germ layers in vivo *°,
and into the majority of cell types in vitro when subjected to the
appropriate conditions. When mESCs are cultivated in chemically
defined minimal medium (CDMM) and without external signals, they
spontaneously undergo the entire process of neural differentiation
from the very initial state %9011, Thus, the use of mouse ESC-derived
NSCs allows to set up cultures of very early neural progenitor cells
that would be very difficult to dissect from embryo. In order to control
the specific neuronal type, it is possible to exploit Wnt (Wingless-
related integration site), BMP (Bone morphogenetic protein), SHH
(Sonic Hedgehog) and FGF (Fibroblast growth factor) signaling
pathways 12 whose modulation is responsible for telencephalon
regionalization in vivo 1%, In particular, inhibition of Wnt and Bmp
signaling pathways at early stages of development is essential for the
specification of the forebrain, and this was exploited to obtain

developing cortical neurons %,

In this model, iIMSD was used to quantitatively address the vast
population of lysosomes in the cell soma during the differentiation
process. This analysis revealed a decrement in size of lysosomes with
time, and modification of key dynamic parameters, such as the average

local organelle diffusivity and anomalous coefficient; these changes
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may parallel cytoskeleton remodeling during the differentiation
process. SPT, on the other hand, allowed mapping heterogeneous
dynamic responses of single lysosomes in different districts of the
cells, and was the only analysis applied to movies done on projections,
where only few organelles were imaged. SPT analysis highlighted a
significant decrease of lysosomal transport in the soma followed by a
rapid increase of transport in the projections at specific time points
during neuronal differentiation, an observation compatible with the
hypothesis that lysosomal active mobilization shifts from the soma to

the newborn projections.

4.1 The biological system

In this study, to analyze lysosome dynamics in cortical neurons, we
differentiate mESCs using the protocol described in details in * and
in Materials and Methods. Briefly, we start from mESCs
preconditioned with a medium containing Leukemia inhibitory factor
(LIF) and two inhibitors (2i) of MAPK/ERK and glycogen synthase
kinase 3b (GSK3b) pathways; these conditions make ESCs to express
NANOG that allows the transcription of pluripotent genes and create

a lenient chromatin structure.
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Figure 4.1 Microphotographs of living NSCs during differentiation, from DIVO to
DIV22. Bright-field microscopy images (top) with the respective magnification of the
area selected by the dashed line (bottom). The bright field images are all
superimposed to a confocal fluorescence microscopy image (a section within somas)
of lysosomes labeled with LysoTracker Red (in red). Scale bars: 10 um.

We are then able to mimic glutamatergic cortical neuron
differentiation by administration of 53AH, a cyclohexyl analog of
IWR-1 that selectively represses Wnt pathway. Together with Wnt
inhibition, LDN193189 hydrochloride was used as a BMP inhibitor
working through ALK2/3 (type | receptor serine-threonine kinases)
and SMAD pathway inhibition 1%, Representative microphotographs
of living mESC-derived NSCs during differentiation, from days in
vitro (DIV) 0 to DIV22, are reported in Figure 4.1. In the top line of
images, and especially in the zoomed images in the middle line, it is
possible to appreciate the progressive formation of a neurites network.
The bottom line of images, obtained by confocal fluorescence
microscopy, shows how lysosomes can be observed thanks to labeling
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with LysoTracker Red in the same field of view of the microimages in

the first line.

4.2 iIMSD analysis of lysosome dynamics during NSCs
differentiation

In order to study lysosome dynamics during NSCs differentiation by
means of iIMSD, we first fast-imaged a subcellular region of interest

within the cytoplasm (Figure 4.2).

Figure 4.2 Confocal fluorescence microscopy image of a NSC shows the
distribution of lysosomes labeled with LysoTraker Red. Right: a stack of images from
a sub-region of the image on the left are acquired with temporal resolution of 112 ms.
Scale bar: 10 um.
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iMSD traces from each acquisition were obtained through
spatiotemporal correlation analysis. iIMSD fitting then provided
information related to average lysosome structural and dynamic
properties. In particular, we extracted three parameters: (i) size (the
square root of 6%, y-axis intercept of the iMSD trace), proportional to
the average organelle diameter, as previously demonstrated &; (ii) Dm,
the local diffusivity, proportional to the initial slope of the (i)MSD; a,
the anomalous diffusion coefficient (the exponent for a power-law fit,
with offset, of the MSD), which has values close to, higher than, and
lower than 1 for Brownian diffusion, super-diffusive, and sub-
diffusive or confined motion, respectively. Differently from c¢* and
Dn, the a coefficient can be calculated on different temporal windows
depending on the timescale of interest. Here, in particular, we
calculate the o coefficient on two timescales: 15 seconds, for
calculating the overall a coefficient, and below 1 second, for
calculating the “a (short t)”’; the latter is particularly useful to highlight
the peculiar super-diffusive motion of lysosomes at a short timescale,

if present &7,

We checked that the extracted parameters arise only from organelle
motion and are not affected by overall cellular movements. These

latter, according to the theory of spatiotemporal image correlation
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spectroscopy *%%, would appear as shifts in the position of the peak of
the correlation function (which are not observed in our

measurements).

Graphs in Figure 4.3 show the iMSD plots from three exemplary
movies at different neuronal differentiation times (DIVO0, DIV5 and
DIV22), and at two different time scales. As expected, at long time
scale (14.6 s) iMSD graphs display an average sub-diffusive motion
for the lysosomal populations (a = 0.47 for DIVO, 0.57 for DIVS5 and
0.34 for DIV22). On short time scale (0.8 s) iMSD plots reveal average
super-diffusive or mostly Brownian behaviors for lysosomes (o = 1.4
for DIVO, 1.2 for DIV5 and 0.94 for DIV22 in the examples of Figure
4.3). These results nicely match what we previously reported: a super-
diffusive mode of motion emerges as a collective behavior at short
spatiotemporal scales, while sub-diffusion dominates at longer

spatiotemporal scales .
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Figure 4.3 Exemplary iMSD plots obtained from imaging of living cells stained with
LysoTracker at DIVO, 5 and 22 respectively. Red traces: fits with a power law with
offset. Right: long temporal scale (14.6 s). Left: short temporal scale (0.8 s).
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Figure 4.4 - Figure 4.8 report the average size, Dmand a coefficients
extracted from iMSD plots of lysosomes inside the somas of NCSs
throughout the entire neuronal differentiation process, with statistical
analysis dedicated to highlight the differences in three exemplary time
points of the process, DIVO, DIV4.5 and DIV22 (the post hoc Tukey
test).
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Figure 4.4 Plots of average size values extracted from iMSD analysis of NSC
lysosomes populations acquired during differentiation (DIV0-22). Error bars:
Standard Error (SE). The population means of different time points are significantly
different by one-way ANOVA (p < 0.0001). The results of the post hoc Tukey test are
shown only for the comparisons amongst DIVO, 4.5 and 22; p-values: n.s. not
significant, * <0.05; *** <0.001. Size average values with the respective DIV, N and
SE are reported in Table 4.1.
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From a structural point of view, lysosomes display a significant
decrement in size during neuronal stem cell maturation, from ~1 um
diameter at DIVO to ~750 nm at DIV4,5 and, finally, to ~550 nm at
the end of the differentiation protocol (DIV22) (Figure 4.4).

Such a progressive reduction of lysosome diameter during neuronal
development might be the result of endosome maturation into
lysosome, a process that in the neuronal cell occurs mostly in axons
105, The restricted diameter of the emerging neuronal projection may
act as “size filter” for the endosomes access to the maturation process.
Furthermore, the observation that presynaptic biogenesis requires
axonal transport of lysosome-related vesicles % corroborates this

hypothesis.

Lysosome dynamics is subjected to modification during neuronal
maturation, particularly in terms of local diffusivity. After a transient
increase during the early phases of differentiation (with a maximum at
0.04 um?/s around DIV5) D, significantly decreases down to a plateau
value of ~ 0.01 um?%/s at DIV13-to-DIV22 (Figure 4.5).
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Figure 4.5 Plots of average Dm values extracted from iMSD analysis of NSC
lysosomes populations acquired during differentiation (DIV0-22). Error bars:
Standard Error (SE). The population means of different time points are significantly
different by one-way ANOVA (p < 0.0001). The results of the post hoc Tukey test are
shown only for the comparisons amongst DIVO, 4.5 and 22; p-values: n.s. not
significant, * <0.05; *** <0.001. Dm average values with the respective DIV, N and
SE are reported in Table 4.1.

Anomalous coefficient is less affected during the process. The o value
displays a slight increase up to DIV13 (an increment Aa of ~0.2), then
it decreases around the starting value (o ~ 0.5) (Figure 4.6). The
transient increase of local diffusivity Dm and o anomalous coefficient
of lysosome motion around DIV5 might reflect cytoskeleton
remodeling towards a more organized structure %’ Indeed, at DIVS5,
we observe a diffuse polymerization of actin filaments within the cells
(Figure 4.7D-F).
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Figure 4.6 Plots of average a values extracted from iMSD analysis of NSC
lysosomes populations acquired during differentiation (DIV0-22). Error bars:
Standard Error (SE). The population means of different time points are significantly
different by one-way ANOVA (p < 0.0001). The results of the post hoc Tukey test are
shown only for the comparisons amongst DIVO, 4.5 and 22; p-values: n.s. not

significant, * <0.05; *** <0.001. o average values with the respective DIV, N and SE
are reported in Table 4.1.

When the cytoskeleton reaches a highly organized structure (DIV14,
Figure 4.7G-1), the Dn drops to lower values, indicating a
confinement exerted by the bundles of actin filaments on the
organelles. A similar role of actin has been reported for the regulation
of membrane mobility of selective membrane receptors 1. The
standard error (SE) associated to both the size and the local diffusivity
becomes sensibly smaller during differentiation, probably reflecting

an ongoing process by which the highly heterogeneous (both in size
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and dynamics) population of lysosomes at DIVO progressively
becomes more homogeneous and acquires its final structural/dynamic
identity in the fully differentiated cell.

Figure 4.7 Confocal images showing F-actin stained with Alexa Fluor™ 647
Phalloidin. (A, B, C) DIVO mouse embryonic stem cells (mESCs), at the beginning of
cortical differentiation in medium without 2i and LIF. (D, E, F) Representative image
of DIV5 mouse progenitor cortical neurons obtained by Wnt and BMP signaling
pathways blockade in N2B27 medium. (G, H, 1) Representative images of DIV14
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mouse cortical projection neurons maintained in neurobasal B27 medium. Scale bars
in all images, 10 ym.

The a-parameter at short time scale (for t < 0.8 s), after an initial
decreases from a maximum value of 1.17 (DIVVO, more superdiffusive
behavior) in the first days of differentiation, has then a more scattered
behavior around 1, the value characterizing a mostly diffusive motion
(Figure 4.8).
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Figure 4.8 Plots of average a at short times values extracted from iMSD analysis of
NSC lysosomes populations acquired during differentiation (DI1V0-22). Error bars:
Standard Error (SE). The population means of different time are significantly different
by one-way ANOVA (p < 0.0001). The results of the post hoc Tukey test are shown
only for the comparisons amongst DIVO, 4.5 and 22; p-values: n.s. not significant, *
<0.05; *** <0.001. o (short t) average values with the respective DIV, N and SE are
reported in Table 4.1.
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Size Dm
DIV N total Size SE DIV N total Dm SE
0 42 1006 81 0 42 0.023 0.003
1.2 52 787 50 1.2 52 0.037 0.009
4.5 80 774 67 4.5 80 0.038 0.006
8.9 48 688 51 8.9 48 0.030 0.008
11,12 76 578 22 11,12 76 0.012 0.003
13 35 611 20 13 35 0.008 0.002
15,16 27 527 18 15. 16 27 0.008 0.001
19 70 512 18 19 70 0.010 0.003
20,21 22 538 37 20,21 22 0.015 0.005
22 18 587 31 22 18 0.004 0.001
a ashort

DIV N total a SE DIV N total a SE
0 42 0.49 0.04 0 74 1.17 0.02
1.2 52 0.53 0.05 1.2 68 1.07 0.02
4.5 80 0.59 0.05 4,56 111 1.03 0.02
8.9 48 0.54 0.05 8.9 70 0.93 0.02
11,12 76 0.63 0.04 11,12 97 1.04 0.02
13 35 0.66 0.06 13 33 1.06 0.06
15.16 27 0.48 0.03 15,16 52 0.96 0.03
19 70 0.50 0.04 19 93 1.00 0.02
20,21 22 0.55 0.03 20,21 29 1.14 0.03
22 18 0.46 0.03 22 21 1.05 0.06

Table 4.1 Average values of size, Dm, a and a at short times (a short) extracted from
iMSD analysis of lysosomes during NSCs differentiation (DIV: day in vitro; SE:
standard error).

For the parameter a at short time scale, the fits have been done for the
first 7 points of the iMSD, and the results were considered valid only
when the anomalous diffusion fit was better, with a confidence level
above 95%, than a fit with a constant (F-test, with p-value of 0.05).

One-way ANOVA test was performed in order to evaluate if the
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population means of different time points for size, Dm, o and o (short
t) were significantly different. Multiple comparisons were conducted
using the post-hoc Tuckey test. The behavior of this parameter does
not seem to reproduce the one observed for the previously discussed
ones. However, it must be noted that this parameter can be calculated
for most of the iMSD curves, also for the ones where the fit on the
total curves is not appropriate (see number of observations in Table
4.2) because the iMSD has a hon-monotonic (or not smooth enough)

trend (see below).

Of particular note, since we observed the neurite outgrow at DIV12,
the acquisitions of lysosomes in the neuronal projections started from
this time-point. The analysis of lysosomes motion in the projections
generated iMSD plots that did not correctly fit with the shifted power-
law model we adopted to extract our parameters (R?> < 0.98 and
parameters with values outside reasonable bonds at long time scales,
see the example in Figure 4.9). This might be due to: (i) an intrinsic
limitation of the iMSD technique when used to analyze series of
images with a low number of moving objects; and (ii) the high
variability in the motion type and parameters displayed by the
lysosomes especially in those regions. Indeed, one can notice few fast-

drifting wvesicles amongst mostly blocked, confined, or slowly

90



diffusing ones. Moreover, iMSD analysis is more influenced by the

brighter vesicles in a movie, and we noticed that more confined

vesicles are more often brighter, especially at later DIV and in the

projections. In order to tackle more quantitatively these issues, we

decided to apply a single particle tracking (SPT) approach.
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Figure 4.9 Representative
iMSD plot of a neuronal
projection at DIV12 (grey
trace). Red trace: shifted-
power fit with R?2=0.91 and
1 equation shown in red.
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4.3 SPT analysis of lysosome

differentiation

motion during NSCs

To properly characterize lysosome dynamics in all cell districts (cell

body and projections), trajectories were extracted from some of the

same movies used for iMSD analysis (Figure 4.10).
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Figure 4.10 (A) Representative images from time-lapse video of moving lysosomes
within a differentiating NSC. Each colored trace represents trajectories travelled by
different lysosomes. Scale bar, 2 um. (B) Exemplary lysosome trajectory at DIV5. The
color of the trajectory scales with time.
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Figure 4.10A exemplifies the very different types of motions
undergone by the lysosomes, as described above. A more careful
analysis of the trajectories reveals that this variability exists within the

trajectories of single lysosomes (Figure 4.10B).

For the particle identification and the trajectory evaluation, we
adopted TrackMate, a package in an open-source image-processing
software (i.e. Imagel), which provides the tools to perform single
particle tracking (SPT). The adopted detector for the particle
identification uses the Laplacian of Gaussians (LoG) approach and the
tracking algorithm is based on a Linear Assignment Problem (LAP),
which allows dealing with gap-closing events. The settings have been
optimized without considering splitting and merging events. Different
Matlab scripts were used to perform two consecutive analyses on the
SPT-derived trajectories. The first step, fully described in 1%, is based
on the lysosome velocity (v) within a moving time-window of 5 frame:
after a segmentation phase, trajectories or sub-trajectories with v
above a definite velocity threshold (v;) were considered as “drifted”
(“go” motion as described in 1%). Other different parameters used here
with respect to 1 are: minimum length for considering a trajectory:
15 frames; minimum length for subtrajectories, 4 frames; no minimum

shift nor average velocity for including a trajectory in the analysis. The
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non-drifted (sub-)trajectories, with average v below v;, were analyzed
by means of the Moment Scaling Spectrum (MSS) and Transient
Arrest of Diffusion (TAD) as in 1% This analysis allows further
characterizing the organelle dynamics by quantifying the time spent
by lysosomes in confined, diffusive or drifted motion. Within the
“confined” category are included all the motion classified as
“immobile”, “slow”, and “TAD events” in °; the “drifted” category
includes the drifted subtrajectories as determined by both analysis
steps. Parameters for TAD analysis different than in 1 are: time-
window of maximum S,=12 steps, probability level threshold L.=2.0,
minimal duration t; of 6 steps for a transient confinement zone (TCZ2);
obtained (sub)trajectories were classified as in 1° with parameters
optimized on the basis of careful inspection of present results in cell
bodies and projections. The distributions (normalized to 100%) for
time spent by lysosomes undergoing the various types of motion, and
the relative uncertainties, were calculated similarly than in 12, where
also the performed statistical test is described. Briefly, for each bin j

(confined, diffusive, drifted) we summed the duration ¢;; of each of

the n; (sub)trajectories i classified within j: the total time f; and its

. 2
ez _ DER) .

i 2 VY 4. 2
variance g, was calculatedas f; = .2, t Ufj_2i=1 i ”

i=1"JU

Differences were analyzed for significance using y? tests, with the
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N (f-(k)—E(-k))z
statistic 2 =, ?’=1’az—’ (k refers to the N, compared
500
J

distributions, Ej(k) is the expected value in the bin j with variance

ag(k), N is the number of bins). This statistic follows a y2-distribution
j

with (N, —1)(N — 1) degrees of freedom; Ej(k) and o’ can be
J
calculated by pooling together the data from the N,, populations.

In order to extract the fraction of time that the wvesicles spend
undergoing different motion, it was necessary to separate each
trajectory in sub-trajectories with a single self-similar motion type.
This was usually done in two steps: first, the longest, fastest and most
directional drifted subtrajectories were extracted, similar to what was
done in 1%, Then, the remaining trajectories (or parts of trajectories)
were controlled for transient arrest of diffusion (TAD), and the
obtained subtrajectories were classified as fast diffusing,
slow/confined or blocked, and drifted, according to the parameters
characterizing their motion (amongst which, short-time diffusivity D
and anomalous diffusion coefficient a as in Figure 4.5 and Figure 4.6
respectively) as in %1 The number of starting trajectories and
obtained (sub)trajectories are reported in Table 4.2. The (relative)

time that the lysosomes spent undergoing the different kinds of motion
95



were calculated by summing the duration of the various
(sub)trajectories classified as above described. Figure 4.11 reports
these results across nine time points, from the embryonic stem cell
stage (DIVO) to the mature neuronal cell (DIV22), and considering
two velocity threshold for drifted subtrajectories in the first analysis
step (Vo): vt =1.0 pm/s, similar to the one chosen in 1%, and v; =0.5
pm/s (Figure 4.11A and B respectively). The difference between the
two graphs is due to the peculiar vesicles dynamics, as explained later.
Lysosome motion was measured in cell bodies at all time-points in the
differentiation process, and from DIV12 to DIV22 in neuronal
projections because they are not evident up to DIV9. In cell bodies,
the early differentiation stage is characterized by an increase of both
drifted and diffusive relative components, which reach a maximum at
DIVS5, with a consequent minimum in the “confined” category. After
four days (DI1V9), both drifted and diffusive relative fractions decrease
and remains low to the last time point. Plots based on the evaluation
with v; 1.0 um/s and 0.5 um/s (Figure 4.11A and B, respectively)
display similar behaviors, but with a usually higher impact of diffusive
components if v=1.0 um/s. E.g., at DIV5 diffusive motion is
undergone for 45% of time, while drifted and confined ones for 15%
and 35% respectively; the same percentages are 14%, 27%, and 59%
(diffusive, drifted, and confined) if v; = 0.5 um/s, instead. This can be
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explained by looking closely at a trajectory considered “diffusive”,
especially for v = 1.0 um/s: often, it appears as composed by more
slow or confined pieces connected by more drifted ones (Figure
4.11B, left), which are however too short or too slow to be recognized
by either analysis step. Decreasing v: allows to recognize more of these
parts, therefore the (sub)trajectories initially considered diffusive are

divided into confined and drifted subtrajectories.

In the projections, we can notice a similar behavior than in the soma
compartments, but with less pronounced changes and delayed by ~10
days: drifted and diffusive relative fractions transiently increase with
maximum at DIV15 and after seven days (DI1V22) they decay to the
starting value (Figure 4.11, empty symbols).

Overall, data coming from SPT analysis confirm that most of the
analyzed lysosomes, both in the soma and in the projections, display a

confined mode of motion regardless of the DIV investigated.

This is line with the iMSD data reported in Figure 4.3 showing an
average sub-diffusive dynamic behavior for the whole organelle
population. However, we also unveil that lysosomal active transport
within cell body has a transient but substantial increase at DIV5, which

shows an intriguing correspondence in time to the increase in
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expression of the neural progenitor marker Sox1, as measured by some

of us % and others 13115,
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Figure 4.11 Dependence on DIV of the distributions (in %) for the time spent by
lysosomes in confined (Conf), diffusive (Diff) and drifted (Drift) motion during
neural differentiation, within cell bodies (DIV0-22, dots and solid lines) and
projections (DIV12-22, triangles and dashed lines). Velocity threshold for drifted
subtrajectories in the first analysis step (see text) vt = 1.0 um/s (A) and 0.5 um/s (B).
The differences at different DIVs are very highly significant (p<10-20) within each

98



case (Soma or projections) according to a y"2 test (see materials and methods for tests
and uncertainties). Soma and dendrites are highly significantly different at each
considered DIV. (Bonferroni-adjusted) p-values for single comparisons: n.s. >0.05;
* <0.05; ** <0.01; *** <0.0015. All the statistical data for this graphs are reported
in Table 4.2.

Then a dramatic decrease of lysosomal transport in the soma (DIV9)
is followed by a rapid increase of transport activation of lysosomes in
the projections at DIV15. The latter could be less pronounced than in
the soma, as a result of not perfect synchronization between the
outgrowth of different neurite processes. Our observations are
compatible with the hypothesis that lysosomal active mobilization
shifts from the soma to the newborn projections. Interestingly, a distal
accumulation of signaling endosomes transporting neurotrophic
factors was recently found in the elongating axons of neurons °. It is
thus tempting to hypothesize that the distal mobilization of lysosomes
may as well support the elongation process, possibly contributing to

presynaptic biogenesis 1%,

4.4 Conclusions

Here we studied lysosome dynamics during NSCs differentiation
using two different but complementary approaches: a population-
based method (iMSD) and a single-objects-method (SPT). Our results
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provide new insight on the lysosome dynamics throughout NSCs
differentiation, supporting new functions proposed for this organelle
and opening to new studies on the pathophysiological role of lysosome
and lysosome-related organelles in human health and disease. The
differential activation of lysosomal transport between cell body and
projection matches the emerging idea of lysosome as a signaling hub
™, Recent evidences, furthermore, suggest that lysosomes might
participate in local axonal translation *”: mRNA granules, in fact,
hitchhike on lysosomes for axonal transport 8, Therefore, a better
comprehension of lysosomal biophysics could shed new light on the
relationship between gene expression and synaptic activity.
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v;=1.0 um/s v=0.5 um/s
sample trajs| type | time (s)| A time (s)[time % | A time % | (sub)trajs | time (s) | A time (s) | time % | A time % | (sub)trajs
Conf| 14609 795 86.8 4.7 966 15109 771 90.0 4.6 1182
DIVO 952 Diff | 1392 167 8.3 1.0 198 316 21 1.9 0.1 124
Drift| 821 74 4.9 0.4 357 1359 73 8.1 0.4 1258
TOT| 16823 816 100.0 4.8 1521 16785 775 100.0 4.6 2564
Conf| 4600 407 67.9 6.0 477 5151 342 76.7 5.1 900
DIV2 505 Diff | 1472 93 21.7 1.4 255 394 25 5.9 0.4 176
Drift| 704 45 10.4 0.7 493 1174 30 17.5 0.5 1422
TOT| 6776 420 100.0 6.2 1225 6719 345 100.0 5.1 2498
Conf| 4057 265 67.9 4.4 776 4500 269 75.6 4.5 1011
DIVa 967 Diff | 947 62 15.8 1.0 243 284 21 4.8 0.3 142
Drift| 969 70 16.2 1.2 617 1169 37 19.6 0.6 1212
TOT| 5973 281 100.0 4.7 1636 5953 272 100.0 4.6 2365
Conf| 2998 317 41.6 4.4 539 4216 279 58.7 3.9 1081
DIVS 607 Diff | 3236 159 44.9 2.2 570 999 39 13.9 0.5 452
Drift| 967 38 13.4 0.5 988 1968 33 27.4 0.5 2576
TOT| 7202 356 100.0 4.9 2097 7183 283 100.0 3.9 4109
Conf| 10797 775 78.9 5.7 762 11452 740 83.9 5.4 1097
DIVY 766 Diff | 2118 114 15.5 0.8 339 672 47 4.9 0.3 233
Drift| 775 80 5.7 0.6 516 1519 82 11.1 0.6 1642
TOT| 13690 787 100.0 5.8 1617 13644 746 100.0 5.5 2972
Conf| 10629 723 81.5 5.5 892 11321 708 87.1 5.4 1048
Diff | 1940 129 14.9 1.0 274 534 35 4.1 0.3 176
DIV12 (soma)| 680 -
Drift| 478 66 3.7 0.5 302 1146 55 8.8 0.4 1264
TOT| 13047 738 100.0 5.7 1468 13001 711 100.0 5.5 2488
Conf| 11647 762 91.3 6.0 670 11822 761 92.7 6.0 826
DIV15 (soma)| 699 Diff 661 63 5.2 0.5 114 248 25 1.9 0.2 80
Drift| 454 36 3.6 0.3 214 686 33 5.4 0.3 683
TOT| 12762 765 100.0 6.0 998 12756 762 100.0 6.0 1589
Conf| 18970 1089 90.4 5.2 967 19389 1051 92.5 5.0 1165
DIV19 (soma)| 816 Diff | 1140 89 5.4 0.4 163 318 29 1.5 0.1 108
Drift| 884 94 4.2 0.4 427 1258 65 6.0 0.3 1234
TOT | 20994 1097 100.0 5.2 1557 20965 1053 100.0 5.0 2507
Conf| 12724 891 93.0 6.5 700 12715 890 93.1 6.5 721
DIV22 (soma)| 635 Diff 329 28 2.4 0.2 91 109 13 0.8 0.1 55
Drift| 628 79 4.6 0.6 241 827 80 6.1 0.6 536
TOT| 13681 895 100.0 6.5 1032 13651 893 100.0 6.5 1312
Conf| 3903 435 76.3 8.5 372 4208 439 82.6 8.6 359
DIV12 (proj.) | 183 Diff 582 108 11.4 2.1 68 141 15 2.8 0.3 57
Drift| 633 154 12.4 3.0 204 746 136 14.6 2.7 527
TOT| 5118 474 100.0 9.3 644 5094 460 100.0 9.0 943
Conf| 6229 559 67.1 6.0 555 7060 493 76.4 5.3 1015
DIV1S (proj.) | 481 Diff 2149 154 23.2 1.7 271 659 54 7.1 0.6 189
Drift| 906 63 9.8 0.7 584 1527 57 16.5 0.6 1566
TOT| 9284 583 100.0 6.3 1410 9246 499 100.0 5.4 2770
Conf| 11474 830 81.6 5.9 771 11973 781 85.5 5.6 1181
DIV19 (proj.) | 551 Diff 1758 101 12.5 0.7 277 337 27 2.4 0.2 134
Drift| 837 44 5.9 0.3 669 1691 81 12.1 0.6 1786
TOT | 14069 837 100.0 5.9 1717 14001 786 100.0 5.6 3101
Conf| 3977 491 86.4 10.7 261 4117 482 89.5 10.5 271
DIV22 (proj.) | 205 Diff 208 34 4.5 0.7 47 84 28 1.8 0.6 27
Drift| 419 68 9.1 1.5 142 397 46 8.6 1.0 315
TOT| 4604 497 100.0 10.8 450 4598 485 100.0 10.6 613
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Table 4.2 (previous page) Statistical data for Figure 4.11. The total duration (time)
of trajectories classified as undergoing a distinct type of motion (Conf: confined; Diff:
diffusive; Drift: drifted) are reported for all observed DIV (days in vitro) in somas
(soma) and projections (proj.), together with their uncertainties (4 time) and their
percentages (%) with respect to the reported totals (TOT). We report also the starting
number of trajectories (trajs) and the final number of trajectories and/or
subtrajectories [(sub)trajs] after the two steps of trajectory segmentation; the
comparison of these numbers can give an idea of the heterogeneity of motion amongst
and within single lysosome trajectories. vt: velocity threshold in the first step of
trajectory segmentation (see main text).
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CHAPTER 5

5. Conclusions and future perspectives

In this Thesis, the iIMSD correlative-based technique is proposed as a
quantitative tool to address the characteristic structural and dynamic
properties of sub-cellular, dynamic and nanoscopic compartments in
living cells. Starting from a standard stack of images in time, collected
with the proper scanning frequency, the iIMSD algorithm affords
simultaneous access to several important parameters of the diffusing
object of interest, such as its average size, diffusivity, and overall

mode of motion.

The properties and advantages of iMSD are evident if compared to the
techniques currently available to retrieve analogous information. With
respect to structural information, the preferred choice is transmission
electron microscopy (TEM) analysis. By this imaging method,
ultrastructural details at molecular resolution (and even beyond) can
be retrieved, also at the level of subcellular nanostructures. Yet, the
peculiar spatial resolution of TEM is achieved at the expenses of the
information in the temporal dimension, which is inevitably lost due to

the required chemical-fixation procedures. To compensate for this, the
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recent advances in live-cell imaging technologies are of particular
interest here. On one side, these include the availability of new
fluorescent markers with increased performances (e.g., brightness and
photo-stability), optimized labeling procedures, and more sensitive
detectors. In addition, analytical tools were developed to address both
the structural (e.g., ‘size’ by phasor-based analysis of local image
correlation spectroscopy, PLICS 2!, aggregation/oligomerization by
Number&Brightness analysis 1*°) and dynamic (e.g., diffusion law by
single-particle tracking (SPT) 22?") properties of objects of interest at
the subcellular scale. The SPT method, for instance, affords direct
access to the object trajectory and its classical MSD. However, the
disadvantage is the need for a low density of the probe and very bright
labels. Also, many single-object trajectories are to be measured to
satisfy statistical criteria. With respect to the temporal resolution of
the measurement, inorganic, photostable probes (e.g., quantum dots or
metal nanoparticles) can increase SPT performance but at the expense

of complex production/labeling procedures.

Compared to these standards, the iMSD method shows some key
advantages. First, this approach can be used in conjugation with
relatively dim fluorescent tags, such as genetically encoded

fluorescent proteins. Thus, compared to SPT, a higher temporal
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resolution is achieved (using the same label) due to the lower amount
of photons required. Second, the iIMSD method is not limited by
diffraction but only by the temporal resolution available. In fact, in
spite of the diffraction-limited optical setup used, average molecular
displacements even below the diffraction limit can be measured, as
already demonstrated for molecular flows by using STICS **. The
actual resolution in the measurement of displacements depends on
how accurately (in terms of signal to noise) the correlation function
can be measured, thus explaining why it is not limited by diffraction.
Thus, it appears clear that the minimum displacement that can be
measured depends on the diffusivity of the object of interest and on

the temporal resolution of the imaging setup.

In this regard, it is important to consider that application to subcellular
nanostructures, such as the lysosomes reported in this Thesis, appears
optimal: in fact, the scanning-speed typically available in standard
setups is significantly higher than the dynamics of the subcellular
object of interest. In such a case, the movement of the objects during
the acquisition are negligible, and the correlation function can be
approximated by a Gaussian function. Finally, the iMSD approach can
be easily applied to a wide range of commercial optical microscopy

setups based both on raster scan or wide-field camera-based imaging,
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with no need for system calibration (required only if an accurate
estimate of particle size is to be achieved). An important parameter for
the method to work is proper spatial sampling. As a general rule, to
reach satisfactory convergence of the fitting algorithm, the minimum
size of the region of interest for imaging should be at least 3-times

larger than the maximum displacement of interest.

Overall, the iMSD approach must be considered as a tool to get rapid
access to information at the whole-cell level, thus particularly suited
to large-scale screening applications. At the same time, the inherent
simplicity, robustness, and modest dependence on labelling strategies
(and on S/N ratio) opens the way to straightforward additional
applications. For instance, iMSD might be used to recognize and
guantitatively describe average alterations in the properties of a
particular subcellular structure of interest occurring, for instance,
under pathological conditions. Derailed endocytosis commonly found
in cancer cells *°, altered granule trafficking is found in B-cells
exposed to Type-2-Diabetes-mimicking conditions '8, enlarged
lysosomes packed with twisted microtubules observed in globoid cell
leukodystrophy or galactosylceramide lipidosis 1, abnormalities in the
endosomal-lysosomal  system occurring in neurodegenerative

diseases, especially Alzheimer’s disease (AD) %°, are just few
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examples. Moreover, iMSD might be also used to obtain the dynamic
fingerprint of selected sub-cellular structures as a reference for testing
the time evolution of the intracellular trafficking of exogenously
added compounds, such as nanoparticles coated by biomolecular
corona 2, drug-delivery vectors 2!, pathogens, sensors, etc., in
analogy with the macropinosome example reported in Chapter 2. In
general, this approach allows for the real-time characterization of the
intracellular evolution of the trafficking process and offers a
simplified experimental scheme (only one species labelled, one
detection channel, and no additional data analysis to retrieve co-
localization coefficients). At the same time, it is fully compatible with
virtually any kind of imaging modality, from camera-based (e.g.
TIRF, SPIM) to scanning-based systems (e.g. confocal, STED-based
imaging), from 1- to multi-photon excitation, etc., the only requisite
being that the time resolution of the measurement can be properly
tuned to the characteristic dynamics under study. All these
implementations could transform the iMSD technique in a flexible,
multiplexed platform to address quantitatively the complex regulation
of life at the subcellular level. Related to this, it is envisioned that
cross-iMSD analysis will be used in the near future to select

subpopulations of subcellular nanostructures and reveal their
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interactions and co-diffusion within the cell (this latter being a hot

topic in cellular biophysics) by a multi-channel experiment.

If any detail is lost by iMSD analysis, this is certainly related to the
large amount of molecular information enclosed within dynamic
subcellular nanostructures. Such information is inevitably averaged
out during the measurement due to poor temporal resolution.
Theoretically, however, there is no technical limit to the possibility to
retrieve molecular information, provided that sufficient acquisition
speeds can be achieved. Due to the continuous improvements in
detector speed/sensitivity and imaging technologies, it is envisioned
that information about the whole subcellular compartment and its

molecular constituents will be extracted from a single dataset.

In this regard, Di Rienzo et al. proposed a simulated experiment in
which fluorescent molecules can move within a vesicle that is
comparable in size to the static spatial resolution of the measurement
122 The simulated image series is used to reconstruct the iMSD profile
of fluorescent molecules. Figure 5.1 shows that, by means of
spatiotemporal fluorescence correlation spectroscopy, one can access
the motion of fluorescent molecules trapped within moving vesicles
and thus fully exploit information collected on timescales up to

microseconds. More in detail, the iMSD plot shows two different
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diffusive regimes: a short-range diffusion representative of the motion
of molecules within the vesicles, and 10-fold slower, long-range

diffusion that reflects the movement of the entire vesicle.
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Figure 5.1 iMSD-based analysis can super-resolve single molecule dynamics: a
simulated experiment. A three-dimensional moving spherical object (in this case, a
vesicle) with a diameter corresponding to the nominal measurement resolution (PSF)
is filled with fluorescent molecules (see drawing in the inset). Both the vesicle and the
molecules are free to diffuse, but the latter are 10 times faster than the vesicle and
cannot cross the imposed spherical boundary. By applying spatiotemporal analysis of
fluorescence fluctuations, one can measure the motion of the molecules within the
vesicle (red dashed line) and the motion of the vesicle (blue dashed line)
concomitantly, even if both are significantly smaller than the nominal imaging
resolution. Image adapted from ref. 122
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In this regard, preliminary experiments are in due course in our
laboratory to demonstrate the feasibility of fast imaging to recover
molecular information, with promising results. In particular, again we
focused on lysosomes as paradigmatic organelles: HelLa cells were
transfected with GFP-CD63 expression plasmids (see Chapter 3 and
Appendix, Material and Methods) and stacks of images at 33 nm of
pixel size were collected under a confocal microscope at different
sampling times (Figure 5.2A and B). Acquisitions were done at 2, 4,
8, 20, 40, 100 and 200 ps of pixel dwell time and data were analyzed
using RICS and STICS. Figure 5.2C shows the comparison between
the diffusion coefficients of Lysotracker inside lysosomes and CD63
on the external surface of lysosomes obtained at 2 ps pixel dwell time.
Lysotracker molecules inside lysosome move faster than protein on its

external surface (Figure 5.2D).

To provide additional support to the reliability of this application, we
again conducted the analysis on lysosomes, but on a pathologic
condition which impairs this particular organelle, the Krabbe disease.
Krabbe disease is an autosomal recessive disorder caused by a
deficiency of galactocerebrosidase (GALC) activity in lysosomes

leading to accumulation of galactoceramide and neurotoxic
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galactosylsphingosine (psychosine) in macrophages and neural tissue

leading to progressive loss of myelin %,
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Figure 5.2 Diffusivity of Red Lysotracker and GFP-labelled CD63. (A) Confocal
image of a HelLa cell labelled with Red Lysotracker (scale bar 10 um). (B)
Magnification of figure A, white square. This is the magnification used for time-
tunable RICS experiments (i.e., 33 nm per pixel). (C) Plot of the diffusion coefficients
of Red Lysotracker (red) and GFP-labeled CD63 (green) measured on lysosomes of
Hela cells obtained at 2 ps of pixel dwell time. Upper and lower edges of the boxes
represent the 25 and 75 percentile of the distributions found, the middle line shows
the mean value. Whiskers show standard deviations. (D) Schematic representation of
the two distinct situations.
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The Twitcher mouse is widely used as an animal model for Krabbe
disease, also resulting from a mutation in the GALC gene. The
biochemical and neuropathological findings in Twitcher as well as the
clinical course of the disease closely resembles that observed in
humans with Krabbe disease . As a preliminary test, we measured
the diffusion coefficients of Lysotracker inside lysosomes of fibroblast
cells harvested from Twitcher mice. Lysosomes of Twitcher cells were
analyzed using time-tunable RICS with the following parameter
settings: stacks of images at 33 nm of pixel size were collected under
a confocal microscope at different sampling times; acquisitions were
performed at 2, 4, 8, 20, 40, 100 and 200 us of pixel dwell time and
data were analyzed using RICS and STICS algorithms. In parallel, WT
fibroblasts were used as a control. As reported in Figure 5.3,
Lysotracker showed lower diffusion coefficients inside lysosomes of
Twitcher cells (blue dots) when compared to the WT case. For the
Stoke-Einstein equation, this automatically translates into a higher
viscosity of lysosomes in Twitcher cells. Figure 5.4 shows the
statistics of diffusion coefficients obtained at 2 us per pixel-dwell-
time. Lysosomes of WT cells showed an average diffusion coefficient
two times higher than those measured in Twitcher cells, in agreement
with the results presented by Devany et al.!?®, using a different
approach, on lysosome viscosity.
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Figure 5.3 Diffusivity of Red Lysotracker in lysosomes of Twitcher fibroblast
treated with Psycosine. This graph shows the Diffusion coefficients found for both
Twitcher Fibroblasts treated with Psycosine (blue dots) and Wild Type Fibroblasts
(red dots) at different sampling time. Note the distinction between RICS and STICS
time domains. Notice how Twitcher cells show, in general, lower diffusion
coefficients, thus resulting in a more viscous environment compared to WT case.

On one side, | envision that future investigations shall move towards
a biophysical analysis of lysosome structural and dynamic properties
during the differentiation of NSCs in the Twitcher mouse model by
means of the iIMSD-SPT combined approach, analogously to what

reported in Chapter 4.
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Figure 5.4 Diffusion coefficients of Red Lysotracker inside the lumen of Twitcher
cells treated with Psycosine compared to WT cells. Plot of the diffusion coefficients
of Twitcher Fibroblast treated with Psycosine (blue) and Wild Type Fibroblast (red)
measured on lysosomes of HeLa cells obtained at 2 ps of pixel dwell time. Upper and
lower edges of the boxes represent the 25 and 75 percentiles of the distributions found,
the middle line shows the mean value. Whiskers show standard deviations (left side).
Schematic representation of the two distinct situations (right side). The mean value of
the diffusion coefficient of WT cells almost doubles the value of the Twitcher case.

On the other hand, the approach should be integrated with fluctuation
analysis at time-tunable scales, as showed in the preliminary results of
this Chapter, to retrieve information on the molecular scale. In my
opinion, such an comprehensive approach have the potential to better
dissect the physiopathology of Krabbe disease (as well as that of other

targets in nanomedicine) at the relevant spatiotemporal scales.
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APPENDIX

l. Materials and Methods

Cell culture and treatments

HelLa cells (CCL-2 ATCC) were cultured in Dulbecco's modified
eagle medium (DMEM) low glucose (1g/L) without phenol red
(Gibco), supplemented with 10% fetal bovine serum (FBS, Gibco),
100 U/mL of penicillin, and 100 pg/mL of streptomycin in a
humidified incubator at 37 °C and 5% CO.. Cells were seeded on 22-
mm glass bottom dishes (WillCo Wells) and allowed to adhere
overnight in a 37°C and 5% CO: cell culture incubator. CellLight
Early Endosomes-GFP BacMam 2.0 (Invitrogen) and CellLight Late
Endosomes-GFP BacMam 2.0 (Invitrogen) were used to mark early
and late endosomes, respectively. Cells were transduced with
CellLight reagents according to the manufacturer’s instructions.
Briefly, cells were incubated with 40 ul of the CellLight solution with
baculovirus in full growth medium overnight at 37 °C and 5% CO..
LysoTracker Red DND-99 (Invitrogen) stock solution was diluted to

60 nM final concentration in the growth medium. The medium from
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the dish was removed and pre-warmed (37°C) probe-containing
medium was added. Cells were incubated for 20 minutes and then
observed. Transferrin from Human Serum conjugated to Alexa
Fluor® 488 (Invitrogen) was used to label clathrin-mediated
endocytosis. Transferrin conjugate was reconstituted in phosphate
buffer saline (PBS) to obtain a 0.1 mM stock solution. Cells were
incubated in a medium containing 20 nM of transferrin conjugate at
37 °C for 20 minutes then the medium was replaced. To investigate
caveolae, cells were transfected with Caveolin-E'GFP by
electroporation using Neon Transfection System 100 pL Kit
(Invitrogen). Cells were trypsinized, pelleted, and resuspended in
Resuspension Buffer R. DNA (15 pg) was added to 1 x 10° cells in
220 pL buffer, followed by electroporation using Neon Transfection
System (Invitrogen) operating at a voltage of 1005 V and width of 35
ms. The cells were then seeded and cultured in DMEM containing
10% FBS and supplements without antibiotics and used in
experiments 24 h later. Fluorescein isothiocyanate-Dextran 70 kDa
was used to label macropinosomes. Cells were washed three times
with PBS, then the medium was substituted with Dextran-containing
medium (1 mg/ml) and incubated at 37 °C for 30 minutes. At the end
of the incubation period, cells were washed three times and the
medium replaced. Microtubule depolimerization was induced by
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incubating the cells with 10 uM Nocodazole for 20 minutes and then

washing with PBS before imaging.

Murine ES cell lines E14Tg2A (passages 35-40) were cultured and
neuralized essentially as described %, with minor modifications. For
ES cell expansion, cells were grown on gelatin-coated tissue culture
dishes (pre-treated 10” with 0.1% gelatin in PBS) at a density of 40000
cells/cm?. ES cell medium, changed daily, contained GMEM (G5154,
Sigma-Aldrich), 10% Fetal Calf Serum (12133C, Sigma-Aldrich;
FCS), 2mM Glutamine (25030, ThermoFisher Scientific), 1mM
sodium Pyruvate (25030, ThermoFisher Scientific), 1 mM non-
essential amino acids (NEAA, 11140, Sigma Aldrich), 0.05 mM -
mercaptoethanol  (M3148, Sigma  Aldrich), 100 U/ml
Penicillin/Streptomycin (15140, ThermoFisher Scientific) and 1000
U/ml recombinant mouse LIF (PMC9484, TermoFisher Scientific).
Before starting the differentiation protocol, cells were passaged three
times in 2i + LIF medium, in which FCS is substituted by two
chemicals: PD0325901 (Sigma) and CHIR99021 (Sigma), which
work as two inhibitors (2i) of MAPK/ERK and glycogen synthase
kinase 3b (GSK3b) pathways, respectively. Chemically defined
minimal medium (CDMM) for neural induction consisted of
DMEM/F12 (21331-046, ThermoFisher Scientific), 2mM Glutamine,
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1 mM sodium Pyruvate, 0.1Mm NEAA, 0.05 mM B-mercaptoethanol,
100 U/ml Penicillin/Streptomycin  supplemented with N-2
Supplement 100X (175020, ThermoFisher Scientific), and B-27
Supplement minus Vitamin A 50X (125870, ThermoFisher
Scientific). The protocol of ES neuralization consisted of three steps.
In the first step, dissociated ES cells were washed with DMEM/F12,
seeded on gelatin-coated culture dishes (65000 cells per cm?) and kept
for 24 hours in 2i + LIF medium. The day after (DIV0), medium is
changed to CDMM plus 2.5 uM 53AH Wnt inhibitor (C5324-10,
Cellagen Technology) and 0.25 uM of the BMP inhibitor LDN193189
hydrochloride (SML0559, Sigma Aldrich), for 3 days, until DIV3. At
this point (start of Step 2), ES cells were dissociated and seeded
(65000 cells per cm?) on Poly-ornithine (P3655 Sigma-Aldrich; 20
pg/ml in sterile water, 24 hours coating at 37°C) and natural mouse
Laminin (23017015, ThermoFisher Scientific; 2.5 pg/ml in PBS, 24
hours coating at 37°C). Cells were cultured for 4 additional days (until
DIV7) in CDMM Plus Wnt/BMP inhibitors, changing the medium
daily. Serum employed for Trypsin inactivation was carefully
removed by several washes in DMEM/F12. At DIV7, cells were
dissociated and seeded (125000 cells per cm?) on Poly-ornithine and
Laminin coated wells. Subsequently, isocortical culture were kept in
CDMM Plus Wnt/BMP inhibitors from DIV7 to DIV22 (Steplll). On
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the eleventh day of Step Ill, DMEM/F12 was replaced with
Neurobasal B27 and NEAA were removed from the CDMM to avoid
glutamate-induced excitotoxicity. Medium was changed daily until

the next step.

ii.  Plasmids and cell transfections

CD63-pEGFP C2 was a gift from Paul Luzio (Addgene plasmid #
62964); LAMP1-mGFP was a gift from Esteban Dell'Angelica
(Addgene plasmid # 34831); pEGFP-N3 was a gift from Vincenzo
Sorrentino  (University of Siena). Lipid-based transfection of
plasmidic DNA was performed using Lipofectamine® 2000
transfection reagent (Invitrogen, Carlsbad, CA). In order to obtain
DNA-lipid complexes for each dish 2 pg of plasmidic DNA were
mixed with 6 pL of Lipofectamine. Before complexation, plasmidic
DNA and Lipofectamine were diluted with Optimem® (Invitrogen,
Carlsbad, CA) in order to have a volume of 100 pL. After an
incubation time of 5min at room temperature, the DNA-lipid
complexes were added to the cells. Cells were incubated with
complexes either for 4 h or for 24 h at 37° and used in experiment.
Transfection by electroporation was carried out using Neon
Transfection System 10 pL Kit (Invitrogen, Carlsbad, CA). Cells were

trypsinized, pelleted, and resuspended in Resuspension Buffer R. The
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electroporation was performed using 5 x 10° cells per reaction in 10
pL buffer containing plasmidic DNA at the concentration of 0.1
Hg/uL, operating two pulses at a voltage of 1005 V and width of 35
ms. The cells were then seeded and cultured in DMEM containing
10% FBS and supplements without antibiotics and used in

experiments 24 h later.

CellLight® Lysosomes-GFP, BacMam 2.0 (ThermoFisher Scientific),
was used as additional method to obtain lysosomes labelled with GFP-
tagged LAMP1.

Nonliposomal lipid-based transfection was carried out using
Effectene® Transfection Reagent (QIAGEN). Briefly, for each dish
0.4 ug of plasmidic DNA dissolved in Buffer EC were mixed with 3.2
pL of Enhancer. 10 pL of Effectene Trasfection Reagent were mixed
to the DNA solution and incubated for 10 min at room temperature to
allow transfection-complex formation. Cells were incubated with
complexes under their normal growth conditions for 24h for

expression of the transfected gene.

Finally, for stable transfection, HeLa cells were transfected by
electroporation, as previously described, with CD63-EGFP and
LAMP1-GFP constructs, both carrying NeoR gene which confers

resistance to Geneticin (G418). After 48 h of culture, the medium was
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replaced with fresh complete medium supplemented with G418 at 2
mg/mL and a 12 days selection allowed obtaining a stable polyclonal
cell population expressing fluorescent CD63 or LAMP1. After
selection, G418 concentration was reduced at 0.5 mg/mL as
maintenance medium for 1 week. The day before experiment, 2x10°
stably transfected cells were seeded onto each Willco dish in complete
medium devoid of G148, and were analyzed at the confocal

microscope 24h later.

iii.  Live cell imaging

Confocal fluorescence image series for the dynamic fingerprinting of
sub-cellular nanostructures by iMSD analysis were acquired with an
Olympus FluoView FV1000 confocal microscope with a 60x NA 1.20
water immersion objective. All experiments were carried out at 37 °C
and 5% CO; using an incubation chamber enclosing the microscope
stage and body. 488 nm Argon laser was used for excitation of
early/late endosomes, caveolae, macropinosomes and clathrin-coated
vesicles. The fluorescence emission was collected between 500 and
600 nm with the PMT detector in analog mode. 543 nm laser was used

to excite Lysotracker. In this case, fluorescence emission was
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collected between 555 and 655 nm with the PMT detector in analog
mode. The diameter of the detection pinhole was set to the size of 1
Airy. Sequential image series at 16 bits were collected at a fixed pixel
size of 69 nm selecting a region of interest of 256 x 256 pixels and by
varying the pixel dwell time from 0.5 to 2 or 4 us per pixel depending
on the characteristic diffusivity of the structure under study. The
overall acquisition time varied from 30 seconds to 10 minutes,

depending on the application.

Confocal fluorescence image series for all the other analysis were
acquired with a Leica SP5 confocal microscope with a 100x NA 1.30
oil immersion objective. All experiments were carried out at 37 °C and
5% CO, using an incubation chamber enclosing the microscope stage
and body and a smaller chamber around the sample for CO; control.
A 561 nm DPSS laser was used to excite LysoTracker® Red DND-
99. Fluorescence emission was collected in the 570-670 nm range,
with the PMT detector working in analog mode. The diameter of the
detection pinhole was set to the standard size of 1 Airy. Sequential
image series of 1300 frames at 8 bits were collected at a fixed pixel
size of 67.5 nm selecting a region of interest of 256 x 256 pixels. The

scan speed was set to the frequency of 1400 Hz, with a resulting frame
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time interval of 112 ms. The overall acquisition time was of

approximately 145 s.
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