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Chapter 4

Endosome motility and endosomal cargo dynamics
mediate morphogen gradient formation

In the wing imaginal disc of Drosophila melanogaster positional information is pro-
vided by a concentration gradient of the morphogens Decapentaplegic (Dpp) and
Wingless. Three transport mechanism govern formation and maintenance of the gra-
dient. Here we focus on intracellular transport of Dpp. Using a 3D wide-field fluores-
cence microscope and particle tracking algorithms we were able to quantify the role
of endosome mobility and endosomal cargo dynamics in intracellular Dpp transport.

We found that the lateral motility of endosomes by itself cannot account for ef-
fective intracellular transport. In the apicobasal direction however directed transport
was observed during 6% of the time, with velocities that agreed with previously found
values for molecular motors. The function of this endosomal transport remained un-
clear, but we speculate that it might play a role in Dpp degradation. We characterized
the spatio-temporal endosomal Dpp distribution in the wing disc in all three dimen-
sions in vivo and found it to be single-exponential, identical to the distribution of the
complete Dpp population. The number of endosomes however remained constant
throughout the disc. Endosomes contained up to 250 Dpp molecules allowing us to
follow endosomes for hundreds of frames with high accuracy. Sudden changes in Dpp
content of up to 25 Dpp molecules were observed, indicating that vesicles traveling
between endosomes contain multiple Dpp molecules both before fusion with an en-
dosome, and after fission from an endosome. The time between Dpp in- and outflow
events was found to be about one minute. Dpp outflow was found to be a passive,
probabilistic process. Combining these results suggested the presence of an immobile
Dpp fraction, similar to what was observed with FRAP experiments before.

Our study is the first study to quantify intracellular Dpp transport on the level of
individual endosomes. The results on the role of endosomal motility and endosomal
cargo dynamics will have to be integrated in the future into a more detailed model
describing intracellular Dpp transport.



84 Endosome motility and endosomal cargo dynamics

4.1 Introduction

Almost 60 years ago Turing proposed that morphogens are providing the po-
sitional information in morphogenesis [1]. Wolpert in turn further developed
a model in which morphogens are produced only by spatially localized cells.
This then leads to the formation of a morphogen gradient in the surrounding
‘receiving’ tissue [2]. The position of a cell is hence coded into its position in
a morphogen gradient. In the receiving tissue, the morphogen is detected by
receptors on the cell surface. Depending on the morphogen concentration,
cells will change their gene expression pattern accordingly. While the concept
of morphogen gradients is now accepted for decades, the mechanism underly-
ing the formation of these gradients on the cellular, sub-cellular and molecular
level has only started to become understood in recent years. The formation of
a stable gradient requires three mechanisms: production of the morphogen,
spreading to neighboring cells and finally degradation of the morphogen.

In what follows we focus on morphogen spreading in tissue. For this pro-
cess three mechanisms have been proposed: (i) diffusion in the extracellular
matrix [3], (ii) receptor-mediated transport along the cell membrane [4] and
(iii) intracellular transport [5], a sequential sequence of endocytosis of the
morphogen-receptor complex followed by recycling and release of the mor-
phogen into the extracellular matrix [6].

We studied the spreading of the morphogen Decapentaplegic (Dpp), a
member of the TGF-f superfamily, which plays a major role in the develop-
ment of the fruit fly Drosophila melanogaster. Dpp is expressed in a stripe of
cells (the ‘source’) at the anterior-posterior compartment boundary (fig. 4.1a)
of the wing imaginal disc [8]. The wing imaginal disc is a precursor of the later
wing (fig. 4.1b). Figure 4.1c shows a schematic xz projection (a cross-section
perpendicular to the dorso-ventral axis) of the wing imaginal disc consisting
of two layers of distinct cells. The peripodial layer on top and the columnar
cells beneath in which the Dpp gradient is present. The producing cells are
indicated with a green bar in fig. 4.1c. From these producing cells Dpp is se-
creted to neighboring cells where it forms an exponential gradient in the wing
epithelium [5, 9, 10]. In a recent experimental study of the Dpp gradient it was
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Figure 4.1: The wing imaginal disc. The x, y and/or z-axes are indicated in each sub-
figure. a) Top view of the wing imaginal disc showing the anterior (A) and posterior
(P) compartment. The Dpp source (green) is located at the A-P compartment bound-
ary. The dorsal (D) and ventral (V) sides are also indicated. b) Wing of a mature fly
with the anterior and posterior compartment indicated. ¢) Schematic cross-section of
a wing imaginal disc perpendicular to the D/V-axis. The Dpp source is indicated by
the green color. (images from [5, 7])

shown that the formation of the gradient is a combination of Dpp production,
Dpp spreading throughout the tissue and Dpp degradation within the cells as
described by

9,C(x,t) = DegV*C — kC + 2jy8(x) (4.1)

in which C(x, t) is the Dpp concentration at time ¢ and distance to the source
x. With confocal fluorescence microscopy quantitative values for the eftec-
tive diffusion coeflicient D.g, the degradation rate k and the production rate
jo have been obtained [10]. While in the latter study the actual Dpp trans-
port mechanisms were modeled with one effective diffusion coefficient D.g,
here we report on experimental findings that describe morphogen spreading
by subcellular processes which finally lead to the effective coefficients and rates
reported. Our experimental work is in line with ongoing theoretical efforts to
describe Dpp spreading on the cellular and subcellular level (7, 11, 12].

4.1.1 Intracellular Dpp transport

Here we experimentally study the intracellular transport of Dpp in wing ep-
ithelia on the cellular and sub-cellular level by analyzing endosome motility
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Figure 4.2: Schematic drawing of intracellular Dpp transport. Numbers indicate the
different events that occur: 1) Dpp endocytosis into a vesicle and concurrent fusion
with an early endosome. 2) Fission of a vesicle containing Dpp from an early endo-
some. 3) The vesicle from (2) going to a recycling endosome. 4) The vesicle from
(2) going to a late endosome. 5) Fission of a vesicle from a recycling endosome and
concurrent exocytosis. 6) Fission of a vesicle from a late endosome to a lysosome. In-
tracellular Dpp transport is non-directional. Any directionality of Dpp transport as
suggested in this figure is for clarity purposes only.
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and monitoring the concentration of Dpp in endosomes. Intracellular Dpp
transport plays a major role in gradient formation. This idea is supported by ex-
periments in which intracellular Dpp transport was selectively blocked within
part of the tissue by locally defined genetic shut down of endocytsosis [5]. The
intracellular transport of Dpp is schematically shown in fig. 4.2. In this model
we distinguish different events

1. Endocytosis of Dpp into a vesicle with concurrent fusion of this vesicle
with an early endosome (+).

2. Fission of a vesicle containing Dpp from an early endosome (-)
3. after which it can go either to a recycling endosome (+)
4. or into a late endosome (+).

5. Fission of a vesicle containing Dpp from a recycling endosome and con-
current recycling of the Dpp into the extracellular matrix (-).

6. Fission of a Dpp-containing vesicle from a late endosome to a lysosome
for degradation (-).

Such sequential processes are best described in terms of a system of rate
equations in which a change in endosomal Dpp concentration dC is related to
a rate k; and the Dpp concentration ¢; in the vesicle that is involved in process
i. The change in concentration for each endosome is described by:

atCearly = ki — 62k, (4.2a)
atclrecycle = C3k3 - CSkS (42b)
0¢Clate = Caks — coks (4.2c)

IFor each event it is indicated in parenthesis if the Dpp concentration in the specified
type of endosome increases (+) or decreases (-). For each event the corresponding number is
indicated in fig. 4.2.
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Further we identify from fig. 4.2 that a vesicle that originates from an early
endosome (event 2) will transfer either to a recycling endosome (event 3) or
a late endosome (event 4). As the Dpp concentration in this vesicle will not
change during these events (2—3 or 2—+4) ¢, = ¢; + ¢4. Knowledge of the pa-
rameters involved in the coupled differential equations will provide us with the
full description of intracellular Dpp transport.

Theoretical calculations have estimated that one cycle of intracellular trans-
port has a duration between 50 and 150 s [6, 13]. In a companion study to the
current one we determined rates k, and ks of the events described above using
Particle Image Cross-Correlation Spectroscopy (PICCS, chapter 3). By label-
ing both Dpp and early endosomes we estimated the off rates for the ‘fission’
events by determining the cross-correlation between both populations using
the PICCS algorithm.

Much of the previous work on Dpp gradients has been done with conven-
tional fluorescence microscopy. Here we build on our expertise in the field
of single-molecule wide-field fluorescence microscopy [14, 15] which has dis-
tinct advantages over confocal microscopy in imaging speed and sensitivity
and allows for straightforward determination of the Dpp concentration in en-
dosomes. While in the companion study we focused on the kinetic parameters
for Dpp transport, here we study how intracellular transport is actually facili-
tated. In particular we investigated:

1. Do endosomes or the vesicles travelling between endosomes control
Dpp transport?

2. What are the other roles of endosomes we see?

3. Do Dpp molecules travel individually or in clusters during intracellular
transport?

4. Is there evidence for directionality in intracellular transport?

By employing single particle tracking methods we studied all those questions
and developed a quantitative description of intracellular Dpp transport on the
level of individual endosomes.
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4.2 Materials and methods

4.2.1 Sample preparation

The UAS-Venus-Dpp line was generated by using the existing UAS-GFP-Dpp
vector [5] where GFP was replaced by Venus [16]. dpp®/dpp?2; dppGald/UAS-
Venus-Dpp flies have an identical wing phenotype to the dpp®® /dpp??; dppGald/
UAS-GFP-Dpp flies [5]: they survive to adulthood and have normally patterned
wings, although smaller in size (data not shown). To obtain wing imaginal
discs third instar larvae (dpp-Gal4/UAS-Venus-Dpp) were dissected in Clone8
medium (Schields & Sang M3 Medium containing 2% Fetal Calf Serum, 2.5 %
Fly Extract, 12.5 IU Insulin/100 ml medium and 1X Penicillin/Streptomycin)
after which the wing imaginal discs were mounted in a custom-made sample
holder. Nail polish was used for sealing of the sample holder. The wing imag-
inal discs were imaged approximately 10 min after dissection. Samples were
discarded 1 hour after dissection.

4.2.2 Data acquisition

A transmission image of a wing imaginal disc is shown in fig. 4.3a. When the
sample is excited by a mercury lamp (excitation in the 500-520 nm range) the
fluorescence from the DppVenus is clearly seen (fig. 4.3b). Magnification of
the source area shows endosomes containing Dpp (fig. 4.3c). After addition
of low concentrations of the membrane marker FM4-64 (Invitrogen, Leiden,
The Netherlands) to wing disc during preparation, both the Dpp-Venus flu-
orescence (fig. 4.3c, A < 600 nm) and the cell membranes (fig. 4.3d, A > 600
nm) become visible. Overlaying both images (fig. 4.3e) allows us to assign each
endosome to a specific cell.

Experiments were carried out on a wide-field fluorescence microscope ca-
pable of three dimensional particle-tracking through astigmatism [17]. The
setup was additionally combined with a piezo-driven objective holder (Physik
Instrumente, Karlsruhe, Germany) to move the objective in axial direction at
10 nm-precision. A motorized sample stage (Marzhauser, Wetzlar, Germany)
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Figure 4.3: a) Transmission image of a wing imaginal disc directly after dissection. b)
The same wing imaginal disc, now excited by a fluorescent lamp (500-520 nm). Dpp-
Venus can be clearly seen, especially in the Dpp producing cells. The location of the
Dpp source is indicated, together with the anterior-posterior compartment boundary
which marks the border between producing and receiving cells. In the receiving cells
a gradient is observed. ¢) A close-up of the receiving cells, individual Dpp-containing
endosomes can be clearly seen. d) The same area as in (c), but now imaged in the red
channel, showing the fluorescence of membrane-marker FM4-64, clearly outlining
the columnar cells. e) Merge of images (c) and (d). f) Typical data obtained during
an experiment in one image stack. Each image corresponds to a different z-position
going from very apical (left image) to more basal (right image) with a distance of 0.7

pum between the planes. Out-of-focus fluorescence is removed in these images for
clarity.
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was used to move the sample in lateral direction with sub-micrometer accu-
racy. Image stacks with 5 to 8 image planes were generated in order to image
large volumes. The distance between planes was set between 0.7 and 1.0 um
such that endosomes appeared in at least two planes. The time between planes
was kept as short as possible (typically 40 ms) to prevent large movements of
endosomes between planes, while allowing enough time for the piezo to move
the objective. Imaging was done in the apical region of the wing imaginal disc.
A typical image stack is shown in fig. 4.3f, where 7 planes with Az = 0.7 um
were imaged. Endosomes containing Dpp-Venus were clearly identified in at
least two images at the same time. The movement of endosomes between two
consecutive planes was negligable. The astigmatism introduced for 3D posi-
tion determination is visible in the images (see the endosome indicated by the
white arrows in fig. 4.3f).

4.2.3 Data analysis

Positional information of endosomes was obtained as described before [17].
The method of fitting elliptical 2D-Gaussian profiles to the image of a single
particle was extended here to incorporate image stacks. A stack of elliptical
2D-Gaussians was simultaneously fitted to the data, effectively producing a 3D-
Gaussian profile. From this fitting procedure we obtained a static characteri-
zation for each experiment. A typical analysis output is shown in fig. 4.4. Each
graph summarizes data from all endosomes detected during one experiment at
all time points. Figure 4.4a shows the distribution of the local background for
each endosome in the first image stack. This is a measure for the out-of-focus
fluorescence. The background has a mean value of 625 + 20 cnts, with a stan-
dard deviation of 117 cnts. This value is much smaller than the average signal
observed from an individual endosome of T = 8.6 + 0.8 - 103 cnts, with a stan-
dard deviation of 4.4-10° cnts, as shown in fig. 4.4b. A wide range of intensities
was observed in this experiment, reflecting the differences and changes in the
Dpp concentration in endosomes and photobleaching of the Dpp-Venus.

The black curve in fig. 4.4b shows the intensity distribution for single YFPs
attached via a membrane anchor to human embryonic kidney cells [18]. The
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Figure 4.4: Typical output of the initial data analysis of a single experiment. a) Dis-
tribution of background values (CCD counts) associated to each detected endosome
in the first image stack of the experiment. b) Distribution of all intensities for every
endosome detected during the whole experiment (bar plot). For this plot each im-
age stack is treated individually and therefore one endosome appearing in multiple
image stacks will contribute multiple data points to this plot. The intensity distribu-
tion of single YFP proteins is plotted (black line) and the intensity is scaled for better
comparison with endosome intensities. ¢) Distribution of the positional error for lo-
calizing an endosome for each dimension (x in black, y in red and z in blue), again
for the whole experiment. d) Location in x (distance to the source), y and z for each
detected Dpp endosome in the first image stack.
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distribution peaked at 281 cnts. This distribution was already corrected for
the different exposure time and excitation intensity used in the Dpp experi-
ments. In doing so we assumed that the fluorescence intensity of YFP scales
linearly with both parameters, since both experiments were performed in the
non-saturating regime for YFP (excitation intensity I, = 0.1 kW/cm? was far
below the saturation intensity [19]). Furthermore we assumed that quenching
of fluorescence does not play a significant role inside the endosome given that
the average distance between Dpp molecules in a 400 nm diameter endosome
containing 100 Dpp molecules is approximately 80 nm.

To be able to calculate the number of Dpp molecules in an endosome it was
necessary to correct the measured endosome signal for photobleaching. This
was done by calculating a photobleaching curve for each experiment from the
average signal per detected endosome and image stack for an entire movie. The
fact that there were a large number of endosomes (> 15) in each image stack
rendered this strategy reliable. We found that DppVenus bleached following a
bi-exponential decay with offset as reported earlier by others [20]. The bleach-
ing curve was subsequently fitted to a bi-exponential decay, the parameters ob-
tained in this way (typical values 7, = 7 images, 7, = 244 images, offset = 2000
counts) were further used to correct the intensity of each individual endosome
in retrospect.

To determine Dpp concentration changes in endosomes we used a step-
fitting algorithm developed by Kerssemakers et al. [21]. We decided for the
latter algorithm as it directly accounts for noise and no pre-filtering of the data
is needed (for a review of other algorithms see [22]). Small steps of a few Dpp,
however, were difficult to observe due to the unavoidable background fluores-
cence present in tissue. Furthermore, since photon shot noise has a bandwidth
of a few Dpp, small changes on short time scales were not detected.

The positional accuracy by which the x, y and z coordinates of each endo-
some were determined is shown in fig. 4.4c. Since the positional accuracy is
inversely proportional to the square root of the number of detected photons,
endosomes with more Dpp were detected more accurately. Photobleaching
slightly reduced positional accuracy. As shown before the positional accuracy
in axial direction Az = 172 nm is approximately 2.5 times that in lateral di-
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rection Ax = Ay = 64 nm [17]. Finally fig. 4.4d shows the positions of the
detected endosomes during the experiment showing that most of the endo-
somes where located in an apical slice of 4 um at about 1 um inside the tissue.
After locating the endosomes in each image stack, endosome trajectories were
reconstructed by using a particle tracking algorithm that has previously been
described [14, 17]. With this approach the 3D position of each endosome as
well as its Dpp content was followed for a long period (up to 600 time points).

Trajectories were further analyzed [23] in order to detect different types
of motional behavior for each endosome. Free diffusion was classified against
confined diffusion and against directed transport. For parts of trajectories were
free diffusion was detected, a mean squared displacement (MSD) versus time
plot was generated from which the diffusion coefficient D was calculated

MSD =2nDt + ) 20, (4.3)

in which 7 is the dimensionality of the data and o, the positional accuracy in
the nth dimension. To locate parts of a trajectory where directed motion is oc-
curring an ‘asymmetry’ parameter was calculated following the methodoogy
described by [23]. The trajectory of a transported object will be highly asym-
metric, showing up as an asymmetry parameter larger than 1. As argued by
[23] this value is indicative of a probability > 99% that the object undergoes
directed motion. After analysis of the asymmetry parameter, in the case of di-
rected transport, the MSD versus time plot was calculated on the part of the
trajectory where asymmetry > 1 and fitted to

MSD =2nDt + (vt)* + ) 20, (4.4)

from which the average velocity v of the endosome during the transport period
was obtained [24].
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Figure 4.5: a) Trajectory (total length = 600 s) of an endosome undergoing transport
in the lateral direction during a short period (15 s). The distance to the Dpp source
is indicated on the x-axis. b) Three-dimensional asymmetry parameter of the trajec-
tory versus time. Values above 1 indicate a high probability that directed motion is
occurring. ¢) Mean squared displacement versus time lag for the part of the trajec-
tory indicated with the arrow. From a fit to eq. (4.4) we found that the endosome was
transported with an average velocity v = 78 + 20 nm/s.
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4.3 Results-Endosome mobility

4.3.1 Intracellular transport by endosomes

The simplest form of intracellular transport would be endocytosis of Dpp, fol-
lowed by a short period of transport or diffusion through the cytosol and sub-
sequent exocytosis. During a typical experiment with a duration of 600 s we
expected these events to be frequently observable given that the estimated time
of intracellular transport lies between 50 s and 150 s [6, 13, 25]. In particular,
our experiments were intended to unravel whether intracellular transport was
mainly diffusion-driven or whether it was directional.

Previous experiments suggested that on macroscopic length scales intra-
cellular transport was non-directional [5]. Indeed, on the (sub)cellular level
we did not observe any significant long-range endosome transport over the
whole width of a single cell (typical cell diameter 2.6 um). In total 48 wing-disc
preparations were analyzed, of which 15 preparations contained trajectories of
a satisfactory quality (no significant sample drift and endosomes were visible
during the whole experiment). Each experiment provided between 5 - 10° and
10* endosome positions of which typically around 200 endosome trajectories
were obtained with average length of 25 steps (exponentially distributed). Of
those, trajectories of lengths > 30 steps (At > 30 s) were further analyzed (typ-
ically 10 < N < 60 for one experiment). One wing imaginal disc (on average
17 cells were visible in our experiments) was analyzed more thoroughly for en-
dosome motility and we found that only 14% of long trajectories covered the
whole diameter of a cell, and that this movement took significantly longer than
150 s.

As an example of this movement, fig. 4.5a shows an endosome trajectory
of length 600 s showing clear directed transport in the x y-plane on a length
scale that matched the typical cell size. From the three-dimensional asym-
metry parameter (fig. 4.5b) it became clear that the endosome underwent di-
rected transport in parts of its trajectory. For one of those stretches lasting for
At = 15 s the two-dimensional (xy) MSD was calculated (fig. 4.5c.) From a
fit to eq. (4.4) the average lateral velocity by which this endosome was trans-
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Figure 4.6: a) Distribution of two-dimensional (x y) diffusion coefficients D for Dpp-
containing endosomes. b) Distribution of the range in which each endosome moves.
For each dimension (x (along the gradient), y (perpendicular to the gradient), z (api-
cobasal)) the range is plotted. Endosomes clearly were more mobile in axial as com-
pared to lateral direction.

ported was v = 78 + 20 nm/s. This value is lower than what is typically found
in comparable systems [26, 27]. Hence, although we found trajectories which
could account for directed transport, the fact that we observed only few of
these events and that the observed velocities were low, rules out that they are
the main mediators of intracellular Dpp transport. In general we therefore
rule out that the motion of endosomes is facilitating intracellular transport or
is causing directionality herein.

For non-directional intracellular transport, endosomes do not need to
cover the whole diameter of a cell. They could travel from one position, close
to the cell membrane, to a random other one, either by diffusion or directed
transport and carry Dpp along with them. Here we analyzed whether diffu-
sion of endosomes was sufficient to play a role in intracellular Dpp transport.
Therefore we calculated the two-dimensional MSD versus time lag for each
endosome. We estimated the two-dimensional (x y) diffusion coefficient D by
fitting eq. (4.3) to the data for 1s < t,, < 25 s for each individual endosome.
The measured distribution of diffusion coefficients is shown in fig. 4.6a. The
mean diffusion constant which characterizes endosome transport was (D) =
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8.9+1.5:-10~* um?/s. If we however do not take into account the endosome pop-
ulation which covered the range of a whole cell during the experiment (14%)
we obtain (D) = 6.9 £ 1.0 -10~* um?/s. For the upper limit (150 s) for intracel-
lular Dpp transport an endosome would cover on average an area of 0.4 um?
or a typical distance of 0.6 um. For effective intracellular transport this value
is on the low side when compared to the cell diameter, also since most of the
endosomes were usually not close to the cell membrane. Therefore we rule out
here that mobility of whole endosomes will govern or facilitate intracellular
Dpp transport.

4.3.2 Axial endosomal movement

So far we addressed lateral (xy) motion of endosomes. In what follows the
axial (z, along the apicobasal axis) movement will be further evaluated. Since
the observed lateral diffusion coefficients were small and lateral movement was
small compared to the cell diameter, we did not expect to see a difference be-
tween lateral and axial movement. Lateral movement was even so small that
during the timeframe of our experiments (t=600 s) we did not observe any in-
fluence of the cell membrane and we did not find lateral confinement with the
size of the cell diameter. In fig. 4.6b a histogram is plotted showing the distri-
bution of ranges each endosome covered during the experiment. The average
covered range in x and y is 0.76+0.09 pm and 1.1+0.2 um, respectively. In z the
average range covered by an endosome equals 2.5 + 0.3 pm, more than twice
the range for lateral movement. Hence we found a clear difference between
lateral movement and movement along the apicobasal axis.

In fig. 4.7a a trajectory from an endosome showing preliminar apicobasal
directed motion is plotted. From the yz and xz projections it was clear that the
range of movement of the endosome in z was larger than in lateral directions.
From the asymmetry parameter (fig. 4.7b) several periods of directed transport
were detected. For one of these periods, indicated with an arrow in fig. 4.7a the
MSD versus time plot is shown in fig. 4.7c. During that period the endosome
was transported at an average velocity v = 283 + 32 nm/s. This value is well in
the range of velocities observed for intracellular transport by molecular motors
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Figure 4.7: a) 3D trajectory of a Dpp-containing endosome showing movement in x, y
and z. b) Asymmetry parameter of the trajectory shown in a). ¢) MSD versus time plot
of the part of the trajectory indicated with the arrow. Directed transport was observed
for 12 s and the endosome had an average velocity v = 283 + 32 nm/s.
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[26, 27]. Therefore we assume that this particular endosome was transported
by molecular motors during a period of 12 s thereby traveling a distance of 3.4
pum. We excluded the possibility that the tissue as a whole was moving in axial
direction, since the axial movement of the other observed endosomes was not
correlated to the axial movement of the endosome shown in fig. 4.7.

We analyzed all long trajectories in this wing imaginal disc (N=27 trajecto-
ries) according to the methodology delineated in fig. 4.7. Figure 4.8a shows the
distribution of axial velocities for directed transport events, characterized by
an average of v, = 212+13 nm/s. Thereby axial transport lasted between 3 s and
15 s with average duration of 7.6 + 0.4 s (fig. 4.8b). It should be noted that short
(< 3's) periods of transport were not detected due to the temporal threshold
that had to be introduced into the trajectory analysis algorithm. Likewise slow
movements (< 50 nm/s) were not reliably detected if they occurred over short
periods of time. Averaged over periods of transport, during single transport
events endosomes travelled in axial direction by 1.4 + 0.1 um (fig. 4.8c). When
we summed the duration of all the periods of directed transport, we found that
in 6% of the time endosomes were clearly transported in the z-direction.

If all directed transport events were independent of each other, the distri-
bution of the time between events is expected to peak around 124 s (i.e. equal
to the total time without directed motion divided by the number of detected
directed motion events). Our data however showed a completely different dis-
tribution, as shown in fig. 4.8d. In 56% of the cases transport in the z direc-
tion (either apical or basal) was followed by transport in the opposite direction
within 17 s. In 32% of the cases reversal of transport is almost instantaneous.
Such a large fraction of trajectories showing fast reversal of the direction of
transport cannot be a result of random events. These events were most likely
actively driven and therefore correlated.
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Figure 4.8: Directed transport statistics for multiple endosomes showing data from all
the parts of the endosome trajectories where directed transport in the axial direction
(along the apicobasal axis) was observed. a) Distribution of velocities. b) Distribution
of duration of the detected directed motion, with an average p = 7.6 s and standard
deviation ¢ = 3.0 s. ¢) Distribution of total distance covered by each transport event.
d) Distribution of the time between transport events. The inset shows a zoom of the
histogram for the data where time between events < 50 s.
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Figure 4.9: a) Amount of Dpp molecules per endosome plotted versus the distance
to the source. Different colors indicate different wing imaginal discs. Fit of a single
exponential to the data gives a decay length A = 22 + 9 pm. b) Total number of Dpp
molecules (black squares) and number of Dpp endosomes (red triangles) in a volume
of 10x10x5 um? versus source distance for one wing imaginal disc (A = 20.8 + 3.4 um).
c) Apicobasal distribution of Dpp endosomes in the wing imaginal disc. All positions
of the detected endosomes in each image stack from an experiment are binned to-
gether. The apical edge of the columnar cells is defined as z = 0 um. d) Apicobasal
distribution of Dpp molecules (black squares) and number of Dpp endosomes (red
triangles) for the same disc as in b).
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4.4 Results-Dpp content of endosomes

4.4.1 Static characterization

The Dpp gradient was measured in wing imaginal discs (N=28) by locating
Dpp-containing endosomes relative to the source and determining their Dpp
content (fig. 4.9a). Each sample is indicated with a different color, showing the
large heterogeneity between different discs. On top of large inter-sample het-
erogeneity, the number of Dpp molecules per endosome varied enormously
within one disc. In one imaginal disc Dpp content was found to be ranging
from 21 to 244 Dpp per endosome, a variation of one order of magnitude.
Despite this heterogeneity the single-exponential nature of the gradient was
visible.

Fitting a single exponential decay to all data in fig. 4.9a (number of endo-
somes > 500) gave a gradient of decay length A = 22+ 9 um, agreeing well with
previous experiments where A = 20.2 + 5.7 um was found [10]. The average
amount of Dpp per endosome at the source (C,) was determined to be 110 + 10
Dpp molecules.

To remove the effect of inter-sample heterogeneity the amount of Dpp in
only one imaginal disc was measured as a function of the distance to the source
(fig. 4.9b, black squares). Images were taken at intervals of 10 um and all de-
tected Dpp was summed. The data was fitted to a single-exponential (omitting
the data point at x = 0 um, since the image at that point contained both the
Dpp-producing cells as well as the Dpp-receiving cells). The gradient has a
decay length A = 20.8 + 3.4 um, which again agrees nicely with previously
obtained results.

In the following we analyzed the data in more detail to unravel which un-
derlying property was the source of the Dpp gradient. The observed single-
exponential gradient can arise in three different ways:

1. The concentration of Dpp per endosome is constant and the number of
endosomes per cell decreases further away from the source;

2. The opposite, i.e. a constant number of endosomes per cell and a de-
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creasing amount of Dpp per endosome versus distance to the source;

3. A combination of 1 and 2.

From a biological point of view (1) seems to be unlikely, since the function
of endosomes is not limited to collecting and transporting Dpp. A decrease
of number of endosomes further away from the Dpp source would therefore
also affect other cellular processes which involve endosomes. The same rea-
soning qualifies option (3) also as less likely. Furthermore a combination of
changing the Dpp concentration and the number of endosomes seems to be a
complex way to establish a single-exponential gradient. We therefore predicted
that mechanism 2 will be the most likely mecahnism of gradient formation.

We confirmed this experimentally by measuring the average number of de-
tected Dpp-containing endosomes versus distance to the source for the same
wing disc as was used before (fig. 4.9b, black squares). The result is plotted in
fig. 4.9b (red triangles). Our data show that over a large range (Ax =19 cells)
the number of detected Dpp endosomes stays constant (44 +2 Dpp endosomes
per 500 um?). While previous experiments have shown the presence of a gra-
dient for the whole Dpp population, our results demonstrated that also the
endosomal Dpp subpopulation (85% of total Dpp population [10]) faithfully
reflects the morphogen gradient, while the number of endosomes that contain
Dpp does not change with distance to the source.

Besides the lateral distribution of Dpp we further studied the apicobasal
distribution of Dpp endosomes and of Dpp itself. Previously it has been found
that most of Dpp is located in the most apical 5 pm of the wing epithelium
(5, 10]. We confirmed this by imaging the most apical 25 pm of the wing ep-
ithelium (data not shown). For one experiment (600 image stacks, lateral size
= 10x10 pm?, axial size = 5 um.) the distribution of the z-positions of all de-
tected endosomes during the movie were plotted in fig. 4.9c. In this experi-
ment the majority of the endosomes were clearly confined to a layer of 3 um
within the tissue. In fig. 4.9d the apicobasl distribution of Dpp (black squares)
and the apicobasal distribution of Dpp endosomes (red triangles) is shown for
the most apical layer of 5 um of the wing disc (distance to the source ranges
from 0 um till 50 pm). We again observed that the amount of Dpp is largest
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at the most apical side of the cell and decreases basally. Interestingly, also the
amount of Dpp endosomes was largest in the most apical part of the cell. The
relative decrease of the number of Dpp endosomes however is smaller than the
relative decrease of the amount of Dpp. Therefore the average amount of Dpp
per endosome is also the highest close to the apical membrane and decreases
basally.

4.4.2 Dynamic characterization

As was shown before (fig. 4.5a & fig. 4.7a) Dpp-containing endosomes were
followed for up to 600 frames for endosomes with high (>100 Dpp molecules)
Dpp content. Such trajetories allowed us to study the fluctuations in the flu-
orescence signal of individual endosomes. The signal is taken as direct mea-
sure for changes in the Dpp concentration in the endosome. However, due
to photobleaching, the fluorescence intensity of each endosome will decrease
over time which in turn would translate into an apparent reduction of Dpp
molecules in the endosome. Hence, to correct for photobleaching we mea-
sured for each experiment the average intensity per endosome for every time
point, as shown in fig. 4.10a. A bi-exponential decay was subsequently fitted to
the data and the curve obtained was in turn used to correct the intensity profile
for each individual endosome in retrospect.

Figure 4.10b shows the Dpp content of the endosome versus time in a living
wing disc (blue curve) and in a fixed wing disc (red curve) in which supposedly
no dynamics took place. For the fixed sample the 20 confidence interval level
for the noise is shown (dashed area) which arises from both photon shot noise
(50 % of total noise) as from sources in the sample itself (out-of-focus fluores-
cence). For the experiment in the live wing disc, data were treated accordingly.
In contrast to the data on the fixed wing disc the observed fluctuations clearly
fall outside of the 20 interval and cannot be purely explained by noise. Fig-
ure 4.10c and fig. 4.10d show the distribution of the measured intensities for
the fixed and the living wing disc endosome, respectively. As predicted, the
intensity distribution for the fixed wing disc endosome was fully described by
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Figure 4.10: a) Average intensity per endosome for each image stack. A bi-exponential
is fitted to the data and this curve is used to correct the intensity profile of individual
endosomes in this experiment. b) The intensity of two endosomes plotted versus time
and corrected for photobleaching. The red curve shows data from an endosome from
a wing disc in which all material was fixed. The blue curve shows the intensity of an
endosome from a live wing disc (not fixed). The expected noise in the intensity is indi-
cated by the dashed area. c) Histogram of the intensity values of the data from the fixed
endosome in (b). As expected the shape of the histogram is Gaussian, and thus the in-
tensity fluctuations are fully explained by noise. d) Histogram of the intensity values
of the data from the not-fixed endosome in (b). The shape of the histogram is clearly
non-Gaussian, indicating that the intensity fluctuations cannot only be explained by
noise.
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a Gaussian with p = 17392 + 25 counts and ¢ = 827 + 25 counts.? The intensity
distribution for the non-fixed endosome however, could not be described by a
simple Gaussian distribution, supporting the conclusion that the fluctuations
are not purely caused by noise, but by Dpp dynamics. Since the noise level in
all experiments was on the order of a few Dpp molecules (depending on the
total intensity) we conclude that our experimental setup was sensitive enough
to directly observe in- and outflow of Dpp from endosomes in small packages
of Dpp.

As explained before (section 4.1.1) changes in Dpp concentration in an en-
dosome occur when a vesicle containing Dpp fuses with an endosome (up
steps) or when Dpp is removed from an endosome (down steps), see fig. 4.2. By
collecting many trajectories of endosomes and their Dpp-concentration pro-
files we obtained distributions of C.h4o, k; and c¢;. These distributions were
subsequently used to make a detailed quantitative description of events in in-
tracellular Dpp transport. It should be noted that in this analysis we could not
segment the endosomes according to their type (i.e. early, recycling or late) and
the obtained distributions will therefore represent multiple underlying events.

To determine if the events in intracellular transport as described in sec-
tion 4.1.1are involving individual Dpp molecules or clusters of Dpp we studied
the size of the changes in Dpp concentration for each endosome. For this pur-
pose we obtained Dpp concentration profiles for each individual endosome (an
example is shown in fig. 4.11a) and subsequently used a step-fitting algorithm
[21] to determine the step size of each event. This has been done for many dif-
ferent endosomes, resulting in 179 ‘step’-events, the distribution of step sizes is
shown in fig. 4.11b. From the result it became clear that both in- and outflow
events usually involve clusters of Dpp, with 97% of the events having a Dpp
cluster size of 25 or less.

To determine if there was a difference between the Dpp cluster size for Dpp
in- or outflow we calculated the average cluster size for both groups. For up-
steps we found (Ac;,) = 8.5 + 1.1 Dpp and for down-steps (Acyy) = 6.6 + 0.6

% Although shot noise is Poissonian distributed, it can be approximated by a Gaussian dis-
tribution for large values
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Figure 4.11: a) Intensity of a Dpp endosome versus time (black line). The green line
shows the result of the applied step-fitting algorithm [21]. b) Distribution of step sizes
independent of distance to the Dpp source. The size of Dpp steps seems to be expo-
nentially distributed with an average of (Acy,) = 8.5 + 1.1 Dpp for Dpp inflow and
(Acout) = 6.6 = 0.6 Dpp for Dpp outflow. Small steps (< 2 Dpp) are within the noise
and explain the dip in the data at Aceng, = 0. ¢) Time between fusion events (Dpp in-
flow). Fitting with a single exponential gives ko = 0.75+0.20 min~'. d) Time between

off-events (Dpp outflow). Fitting with a single exponential (first order rate reaction)

gives kog = 1.1+ 0.2 min.
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Dpp. Hence, inflow is characterized by smaller clusters as compared to Dpp
outflow. It should be noted that further conclusions based on the shape of the
step-size distribution should be drawn with care. The data was taken at differ-
ent distances to the Dpp source and therefore the distance distribution of the
experiments influences the distribution of observed step sizes (more experi-
ments close to the Dpp source will contain more endosomes with high Dpp
content and could result in larger step sizes and vice versa). Furthermore, the
distribution is slightly biased to larger step sizes. First, small steps (up to a
tew Dpp) could not be observed because of noise. Secondly, small steps will
be more difficult to detect when the endosome fluorescence has significantly
bleached. At that moment only a certain fraction of the Dpp in a ‘step-event’
will be still fluorescent and therefore become more difficult to detect. The
bleach-correction algorithm cannot correct for this since it not only increases
the fluorescence to original levels, it also increases the noise associated to it.

The difference between the cluster size for Dpp in- and outflow should be
reflected in the frequency of these events, provided that both processes are in
equilibrium. Therefore, we measured the time between events of the same type
(i.e. inflow-inflow and outflow-outflow) using the output of the step-fitting
algorithm. The result is plotted for Dpp inflow (fig. 4.11c) and Dpp outflow
(fig. 4.11d). Fitting a single exponential yielded k,, = 0.75 + 0.20 min~! and
kog = 1.1+0.2 min~!. The average outflow rate (Acou ) koff = 7.3 Dpp/min hence
equals (within the margin of error) the average inflow rate (Aci,)kon = 6.4
Dpp/min, showing that the system is in a steady state indeed. It should be
noted that the distributions in figs. 4.11c,d are probably biased towards longer
times, since rapid events involving small changes in Dpp content could not be
observed during our experiments.

The obtained values for the in- and outflow rates for individual Dpp are
larger than those obtained previously in chapter 3. For the slow limit of intra-
cellular transport (150 s for the whole process) there we found ¢, ., = 53 s and
t., = 100 s for early and recycling endosomes, respectively (with an average
t. = 77 s), while here we find ¢, = 8.2 s. These numbers however do not rep-
resent the same parameter of the model. Here we analyzed the time between
events, which in itself does not allow us to conclude on the residence time
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of Dpp in endosomes, which was calculated in chapter 3. The time between
events also depends on the number of Dpp in the endosome. The more Dpp in
an endosome, the shorter the time between events for the same residence time.
Hence, from the difference between the values we can predict that there should
be 77/8.2 = 9 Dpp molecules on average per endosome in our experiments.

We found however that the endosomes in which we observed Dpp-concen-
tration changes, had an average Dpp content of 77+7 Dpp molecules. From this
we concluded that 88% of the Dpp in endosomes appeared to be immobile on
the timescale of our experiments. This immobile fraction of Dpp has been de-
tected before by FRAP experiments, where it was determined to be 62+8% [10].
We suggest that the rest of the difference between the FRAP experiments and
our experiments is explained by experimental limitations, which prevented us
from seeing small changes in Dpp concentration.

The model presented before (fig. 4.2) contains six events which all could re-
sult in the Dpp concentration changes observed. At the same time the model
reveals three redundant parameters (—c, = c; + ¢4) which involve vesicle trans-
port between endosomes. Therefore they will appear both as up-steps and as
down-steps in fig. 4.11b, assuming there is no change in vesicle composition
during the transport between endosomes. As a result we rule out events 2, 3
& 4 (i.e. fission of a vesicle containing Dpp from an early endosome which is
transported either to a recyling endosome or a late endosome) as possible con-
tributors to the difference between up- and down-steps. The observed differ-
ence can therefore only arise from a difference in the number of Dpp molecules
that are endocytosed in one step on one hand, and that are recycled and/or de-
graded on the other hand.

In fig. 4.11d we analyzed the time between fission events. As predicted for a
first-order reaction the distribution followed a single-exponential decay. Such
first-order reaction (i.e. fission from an early, recycling or late endosome) is
summarized in:

Endosome — Endosome + Dpp-vesicle (4.5)

As was shown in chapter 3 the fraction € of Dpp transferred from an early
endosome to a recycling endosome determines the decay length A of the gra-
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dient. Hence, for a well defined gradient it is necessary to keep ¢ stable. This
could be achieved by an active process in the early endosome in which vesicles
are predestined to be transferred to a recycling endosome or a late endosome.
Since 99.6% of Dpp is transferred to a recycling endosome, in this hypothet-
ical active process, a controlled threshold in Dpp concentration needs to be
reached before a vesicle with Dpp leaves the endosome. In a passive process
on the other hand the amount of Dpp in the vesicle would be proportional to
the Dpp content of the endosome and ¢ (and hence the gradient) would be
statistical.

To distinguish between the two possible processes we calculated the relative
step size of all the down-steps. Figure 4.12a shows the distribution of the Dpp
concentration in endosomes (Cepgo) just before an outflow-event took place.
The distribution is clearly peaked around 30 Dpp molecules. The distribution
of step sizes of the down-steps (dCengo) is shown in fig. 4.12b which shows a
resemblance to fig. 4.12a. The latter observation can be best seen in the relative
step size (]IC%TZ‘Z" distribution (fig. 4.12c). The distribution is sharply peaked at
0.11, hence in each event 11% of the Dpp content is exchanged. At first sight we
concluded from this that the off-events are passive events. However, since the
data was slightly biased towards larger step sizes, a fraction of the small relative
changes will automatically not appear in fig. 4.12c. Hence, from this data alone
we could not rule out that there is still an active process that decides how many
Dpp is transferred to a vesicle during a fission event.

Therefore we also analyzed the step sizes versus distance to the Dpp-source.
Asa consequence of the single exponential distribution of Ce,q, (fig. 4.9a) and a
constant relative step size, the absolute step size d Cepgo should become smaller
further away from the source in a passive model. Figure 4.12d shows d C¢pq, as
a function of the distance to the source. Fitting a straight line to the data indeed
confirmed that dC,,g, became smaller further away from the source. Fitting
a single exponential decay did not significantly improve the fit. Averaging the
data (fig. 4.12e) showed that both off-steps and on-steps are smaller further
away from the source.
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4.5 Conclusion

In conclusion we found that the motility of endosomes by itself cannot account
for intracellular transport, the observed diffusion constants are too low and
almost no lateral active transport occurs. Our observation of regular active
transport along the apicobasal axis seems to suggest that endosomal transport
takes part in Dpp breakdown.

Static characterization of endosomal Dpp content showed that the num-
ber of Dpp-containing endosomes does not vary along the Dpp gradient. The
Dpp concentration in those endosomes however becomes smaller further away
from the source. From the apicobasal distribution of Dpp endosomes we found
that both the number of endosomes and the Dpp content in endosomes is
smaller more basally in the tissue.

Intracellular transport of Dpp is governed by small vesicles, which travel
between endosomes. Those vesicles contained up to 25 Dpp molecules. Dpp
inflow happened in larger cluster sizes than Dpp outflow. From this we con-
cluded that the number of Dpp molecules endocytosed in one step is larger
compared to the number of Dpp molecules that is recycled or degraded in one
step.

The time between fusion of vesicles with an endosome was about 1 minute
on average. A similar value was found for time between fission of vesicles
from an endosome. In combination with the results from chapter 3 we found
that 88% of Dpp appears to be immobile on the timescale of our experiments,
hereby supporting previous FRAP experiments. Control of the vesicle concen-
tration is a result of a passive, probabilistic process.

The quantitative information we obtained on vesicular transport here will
have to be integrated in the future into more detailed models to describe the
intracellular transport that controls morphogen spreading in tissue and animal
development.
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