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Abstract Cargo movement along axons and dendrites is

indispensable for the survival and maintenance of neuronal

networks. Key parameters of this transport such as particle

velocities and pausing times are often studied using

kymograph construction, which converts the transport

along a line of interest from a time-lapse movie into a

position versus time image. Here we present a method for

the automatic analysis of such kymographs based on the

Hough transform, which is a robust and fast technique to

extract lines from images. The applicability of the method

was tested on simulated kymograph images and real data

from axonal transport of synaptophysin and tetanus toxin as

well as the velocity analysis of synaptic vesicle sharing

between adjacent synapses in hippocampal neurons. Effi-

ciency analysis revealed that the algorithm is able to detect

a wide range of velocities and can be used at low signal-to-

noise ratios. The present work enables the quantification of

axonal transport parameters with high throughput with no

a priori assumptions and minimal human intervention.

Keywords Hough transform � Hippocampal neurons �
Axonal transport � Fluorescence microscopy � Kymograph �
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Introduction

Cargo transport along nerve processes is indispensable for

neuronal differentiation and survival, and therefore plays

an important role for the whole neural network (Salinas

et al. 2008). Synapses require material from the neuronal

soma, and thus synaptic transmission depends on axonal

transport (Shakiryanova et al. 2006). Furthermore, neuro-

degenerative diseases are connected to deficits in axonal

transport and are thought to represent a critical component

in their pathogenesis (Morfini et al. 2009; Roy et al. 2005).

Axonal transport is impaired in Huntington’s disease (Roze

et al. 2010) and in amyotrophic lateral sclerosis (Bilsland

et al. 2010). Furthermore, several pathogens such as viruses

and toxins can be mistaken for cargo and undergo axonal

transport to the soma (Salinas et al. 2010). Axonal transport

is often analyzed using wide-field fluorescence microscopy

to visualize specific fluorescently labeled cargoes (Miller

and Sheetz 2004; Roy et al. 2007). In contrast to former

methods such as radioactive labeling (Ekstrom and Kanje

1984), it has the advantages of high spatial (about 200 nm)

and time (less than 1 s) resolution. Besides manual tracking

(Miller and Sheetz 2004; Roy et al. 2007), mainly two

automated methods have been established (1) the particle

tracking in time-lapse movies (Sbalzarini and Koum-

outsakos 2005; Smal et al. 2008) and (2) the analysis of

kymograph images (Welzel et al. 2010; Zhang et al. 2011).

Creating a kymograph means converting a time-lapse

movie along a line of interest into a position versus time

image (Zhang et al. 2011; Zhou et al. 2001). Particles
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moving along this line of interest appear as trajectories

with their slope corresponding to their velocity. The

advantage of kymograph images is the data reduction

(Zhang et al. 2011) and graphical representation of particle

movements in a single image (Miller and Sheetz 2004,

2006). Furthermore the signal-to-noise ratio can be

increased because of averaging or taking the maximum of

some pixels around the drawn line of interest. The main

disadvantage of a kymograph is the inevitable information

loss due to data compression (Pereira and Maiato 2010). As

one component of the velocity v~ is lost because drawing a

line of interest, the velocity determined in the kymograph

image will be an underestimate of the velocity v~ (Pereira

and Maiato 2010). However, the error has been reported to

be limited to less than 3% if the particle moves nearly

along a line (Pereira and Maiato 2010). The manually

drawn line of interest could differ from the real particle

movement and increase the error in velocity determination.

Analysis of transport using kymographs is used for many

different research interests in fluorescence microscopy,

e.g., neuronal protein traffic (Roy et al. 2007), mitosis and

meioses (Pereira and Maiato 2010), axonal transport of

mitochondria (Miller and Sheetz 2006) and microtubule

dynamics (DeBolt et al. 2007). The analysis of kymographs

is mostly done manually by tracing moving particles (Roy

et al. 2007) or determining the slopes of trajectories in

kymograph images (Miller and Sheetz 2004). Recent

studies presented algorithms for the automated analysis of

kymographs using auto- and cross-correlation of kymo-

graph columns (Welzel et al. 2009) or the tracking of

individual trajectories (Zhang et al. 2011). However, these

methods require relatively high signal-to-noise ratios as

they only take into account the local area (Zhang et al.

2011) or two kymograph columns (Welzel et al. 2009).

Furthermore, the velocity determination is abstracted to

cross-correlation (Welzel et al. 2009), or some a priori

mathematical modeling of the motion is used (Zhang et al.

2011), which handicaps their usage and implementation.

Here we made use of the Hough transform (Hough

1962), which is a robust and fast method to extract lines in

image analysis (Kamat and Ganesan 1995). This algorithm

has been successfully applied to line detection in several

disciplines such as the automotive industry (Kamat and

Ganesan 1995; Yanamura et al. 2003; Yu and Jain 1997)

and computer vision (Ballard 1981) because of its robust-

ness and processing speed. Furthermore, the automated

detection of lines resembles the hand-drawn traces of

movements (Miller and Sheetz 2004; Zhou et al. 2001) and

thus realizes their slope similarly to the human eye.

For direct comparison with recent studies, we analyzed

axonal transport of synaptophysin (Roy et al. 2007) and

tetanus toxin (Lalli et al. 2003). Synaptophysin is a ubiq-

uitous presynaptic marker and is related to the slow

component-b (Roy et al. 2007). Further, it is transported

anterograde and retrograde with about 1 lm/s (Roy et al.

2007). It has been shown that synaptophysin interacts with

VAMP2 (vesicle-associated membrane protein 2) and

alters its default surface targeting to a prominent vesicular

distribution (Bonanomi et al. 2007). Therefore, it plays an

important role in the exocytic pathway of other synaptic

vesicle proteins. Tetanus toxin, the causative agent for

tetanus, is sorted to the retrograde transport pathway after

internalization (Deinhardt et al. 2006; Lalli et al. 2003).

Tetanus toxin as well as its heavy chain C-terminal frag-

ment is transported in retrograde carriers with identical

kinetic properties and an average velocity of about 1 lm/s

(Bohnert and Schiavo 2005; Lalli et al. 2003). Furthermore,

we determined the velocity of synaptic vesicles in the

vesicle superpool (Darcy et al. 2006; Staras et al. 2010).

Here recycling synaptic vesicles are shared between syn-

aptic terminals (Darcy et al. 2006). These superpool vesi-

cles are highly mobile, can be rapidly exchanged and be

exocytosed in adjacent terminals upon stimulation (Darcy

et al. 2006; Staras et al. 2010). Using the Hough transform

for velocity determination in kymographs, we for the first

time describe the dynamic properties of this synaptic ves-

icle exchange between terminals.

In summary, we have developed a robust and fast

method for the analysis of kymographs based on the Hough

transform. The algorithm has been validated on synthetic

kymograph images as well as by analyzing particles with

known velocities (axonal transport of the protein synapto-

physin and the neurotoxin tetanus toxin) and particles of

unknown movement behavior (transport velocity of syn-

aptic superpool vesicles).

Materials and methods

Cell culture and transfection

Hippocampal neuronal cultures were prepared from 1- to

3-day-old Wistar rats (Charles River, Portage, MI) as

described (Welzel et al. 2010). Newborn rats were killed by

decapitation in accordance with the guidelines of the State

of Bavaria. Hippocampi were removed from the brain and

transferred into ice-cold Hank’s salt solution, and the

dentate gyrus was cut away. After digestion with trypsin

(5 mg ml-1), cells were triturated mechanically and plated

in MEM medium, supplemented with 10% fetal calf serum

and 2% B27 Supplement (all from Invitrogen, Taufkir-

chen). If required, neurons were transfected with synapto-

physin-mRFP under control of a synapsin promoter on

DIV3 with a modified calcium phosphate method as

described (Threadgill et al. 1997; Welzel et al. 2010).

Experiments were performed between 10 and 12 days for
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synaptophysin experiments, on day 33 for tetanus toxin

experiments and on day 23 for FM 1-43 experiments in

vitro, respectively.

Imaging

Experiments were conducted at room temperature on a

Nikon TI-Eclipse inverted microscope equipped with a

609, 1.2 NA water immersion objective and Perfect Focus

SystemTM. Fluorescent dyes were excited by a Nikon In-

tensilight C-HGFI through excitation filters centered at 482

and 561 nm using dichroic longpass mirrors (cutoff

wavelength 500 and 570 nm), respectively. The emitted

light passed emission band-pass filters ranging from 500 to

550 nm and 570–640 nm (Semrock, Rochester, NY),

respectively, and was projected onto a cooled EM-CCD

camera (iXonEM DU-885 and iXonEM DU-897, Andor).

Cover slips were placed into a perfusion chamber (vol-

ume = 500 ll) containing extracellular medium contain-

ing (in mM): 144 NaCl, 2.5 KCl, 2.5 CaCl2, 2.5 MgCl2, 10

glucose, 10 Hepes, pH 7.5.

In synaptophysin experiments images were recorded

with 500-ms exposure time at 0.5-Hz frame rate.

For the tetanus toxin experiments cultured dispersed

hippocampal neurons were incubated for 1 h with 6 nM

GST-GFP-TTC for internalization of the toxin fragment.

Images were recorded with 500-ms exposure time at a

frame rate of 0.2 Hz.

In FM 1-43 experiments synaptic boutons were stimu-

lated by electric field stimulation (platinum electrodes,

10-mm spacing, 1-ms pulses of 50 mA and alternating

polarity); 10 lM 6-cyano-7-nitroquinoxaline-2,3-dione

(CNQX, Tocris Bioscience) and 50 lM D-amino-5-phos-

phonovaleric acid (D, L-AP5, Tocris Bioscience) were

added to prevent recurrent activity.

Recycled synaptic vesicles were labeled with FM 1-43

(Invitrogen, Karlsruhe). To stain the total recycling pool

nerve terminals were loaded with 1,200 pulses at 40 Hz

(Ryan et al. 1996; Ryan and Smith 1995) using 2.5 lM FM

1-43. Dye was allowed to remain on the cells for 60 s after

stimulation was finished to permit complete endocytosis

and was subsequently removed by a 7 min wash-out. The

loaded boutons were then stimulated with 600 pulses at

30 Hz to evoke exocytosis. To ensure that synaptic vesicles

were transported, presynaptic terminals were completely

destained by a twofold stimulation with 900 pulses at

30 Hz (Groemer and Klingauf 2007). Images were recor-

ded with 500 ms exposure time at 2-Hz frame rate. The

frame rate was 0.25 Hz for the double total destain stim-

ulation regime with 900 pulses.

For all experiments, resulting image stacks were con-

verted into tagged image file format (TIFF).

Simulations

All simulations and analyses were performed using cus-

tom-written MATLAB (The MathWorks, Natick, MA)

programs. Preliminary and quality tests of the described

method for the velocity determination in kymograph ima-

ges were done using synthetic images. The accuracy of the

algorithm is given by its bias (Cheezum et al. 2001). For its

correct calculation the precise knowledge of the lines slope

and length is indispensable (Sbalzarini and Koumoutsakos

2005), and we hence simulated kymograph images

numerically. The point spread function of the microscope

was approximated by a Gaussian profile (Sbalzarini and

Koumoutsakos 2005), and white Gaussian noise was added

to model the background (Stroebel et al. 2010).

In preliminary tests with binary and Gaussian profile

kymograph images, we generated 1,000 images of

250 9 250 size containing lines with random constant

slopes between -10 and 10 pixel/frame. Lines were

allowed to have random start points between pixel 30 and

220. In the benchmark test for the dependence of the

velocity determination error on different velocities (Fig. 1),

we simulated binary kymograph images of 250 9 250

pixel size, each containing one line with a slope between

-15 to 15 pixel/frame and the random starting point

between pixel 30 and 220. Each slope was generated 1,000

times. In computer simulations with respect to the signal-

to-noise ratio (SNR) dependence (Fig. 2), kymograph

images of 250 9 250 size were generated, including the

particle point spread function and a variable background.

SNR is defined as: SNR ¼ I
r, where I is the intensity of the

particle and r is the standard deviation of the background

(Stroebel et al. 2010). The images contained lines with

random velocities between -10 and 10 pixel/frame and

random start points between pixel 30 and 220. For each

SNR, 500 independent measurements were done.

Data analysis

The analysis of the kymograph images was performed

according to following scheme (Fig. S1, Fig. S2): In a first

step a binary image was created from a real data kymograph

image as this is a prerequisite for the later Hough transform

(Hough 1962). Thereby, the information loss with respect to

the trajectory direction and slope has to be minimized. We

resorted to the Canny edge detector (Canny 1986), which

enables us to detect the edges of the particle trajectories.

Due to the Gaussian shape of the particles the Canny

method detected two edges for one particle. Determination

of the center between these two edges resulted in a binary

image (Fig. 4, Fig. S3). In a second step we performed the

Hough transform: q = xcos(h) ? ysin(h), where x and y are
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the non-zero pixel coordinates of the binary image, q is the

Euclidian distance (distance origin to foot of perpendicular

to the line), and h is angle between the perpendicular of the

line and the x-axis. Thus, the lines are represented in the

Hesse normal form instead of using their slope and y-axis

intercept. This transform resulted in a parameter space

(Fig. 4, Fig. S1). Accumulations in this space represent

possible lines in the binary image as they apparently posses

the same distance from the origin q and the same angle h.

Next we identified those accumulations in the parameter

space (Fig. S1). Therefore, we detected local maxima in the

parameter space. The maximum number of peaks p to be

identified and thus the number of detected lines were

restricted by a predefined value. If lines have the same slope

and axis intercept, they will be detected without increasing

this predefined value of number of peaks. This is because

these lines are represented by the same point in the

parameter space. For example, a line that is interrupted

twice is correctly detected as three single lines with the

same slope without increasing the parameter. For each peak

p line segments in the binary image were extracted that

satisfied the user-defined parameter of minimal line length.

The slope, which corresponds to the velocity v, was cal-

culated for the remaining lines by: v = tan(-hp/180). All

calculated velocities were counted to create a histogram

(Fig. 4). In all experiments particles were considered to be

moving if their velocitiy was [0.05 lm/s. Consequently

particles with velocities \0.05 lm/s were assumed to

pause.

Results

Verification and benchmarks

After positive preliminary tests for the proof of principle of

the described method (Fig. S1 and ‘‘Materials and meth-

ods’’), we first tested if the Hough transform is able to

detect a wide range of possible velocities. This feature

might be important especially if, e.g., diverse labeled

particles move at different velocities. We simulated syn-

thetic binary kymograph images and determined the error

of the velocity determination using the Hough transform.

The result of this test is shown in Fig. 1. Here we observed

that our method for velocity determination is nearly an

unbiased estimator for velocities ranging from -10 to

Fig. 1 Dependence of the velocity determination error on the

velocity itself. a Scheme of simulated binary images used for the

test. The starting points (upper black arrow) as well as the slopes of

the lines (lower black arrow) were randomly chosen between preset

constraints. b Dependence of bias on different velocities. Bias

averaged from 1,000 independent simulations. Error bars indicate

standard deviation. The mean absolute error was 0.51 ± 0.47 pixel/

frame for the velocity and 2.06 ± 1.64 pixels for the length of the

detected lines

Fig. 2 Benchmark test of velocity determination in kymographs

using the Hough transform. The black line shows mean of absolute

bias versus signal-to-noise ratio (SNR). Gray lines indicate corre-

sponding standard deviation. For increasing SNR, the mean and the

standard deviation of the absolute bias tend to zero. Each point is

averaged from 500 independent simulations. Insets show illustrative

kymographs for different SNR conditions. The mean of absolute bias

is approximately zero for SNR C 1.6
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10 pixel/frame. Velocities that have an absolute value of

more than 10 pixel/frame are estimated with less accuracy.

Larger errors at larger velocities are due to the tangent

function in their calculation (see ‘‘Materials and methods’’)

as they exhibit an angle closer to 90�. Nevertheless, their

absolute bias is about 1 pixel/frame, and therefore the error

is smaller than 10%. For improvement of the velocity range

the frame rate has to be increased in order to reduce the

pixel-distance traveled by a particle between two frames.

Thus, the velocity range depends on the sampling and

could be further improved by enlarging our test images, for

example. Despite the determination of velocities, the

method is able to readout the length of particle trajectories:

The mean absolute error for length determination was

2.06 ± 1.64 pixels for all lines with length between 1 pixel

and 249 pixels. After verification that our method covers a

wide range of possible velocities with high accuracy, we

decided to simulate more realistic kymograph images,

which include the point spread function of the microscope

and noise. As the Hough transform work on binary images

(Hough 1962), we first have to convert real data kymo-

graph images. This was achieved using the Canny edge

detector (Canny 1986) followed by determination of the

center between two detected edges (Fig. S3 and ‘‘Materials

and methods’’). In a next step we compared the results

obtained from binary, Gaussian profile and Gaussian profile

with noise kymograph images (Fig. S4), where the Gaussian

profiles each represented the point spread function of the

optical system (Sbalzarini and Koumoutsakos 2005). In all

cases the absolute error for the velocity was negligible (binary:

0.06 ± 0.11 pixel/frame; Gaussian profile: 0.08 ± 0.08

pixel/frame and Gaussian profile with noise: 0.07 ± 0.33

pixel/frame; Fig. S4). In contrast the error in the determination

of trajectory lengths was higher in kymographs with Gaussian

profile compared to binary images (binary: 0.30 ± 3.66 pixel;

Gaussian profile: 8.57 ± 2.72 pixel and Gaussian profile with

noise: 9.17 ± 2.66 pixel; Fig. S4). This is likely due to border

effects at creation of a binary image, where the determination

of the center between two detected edges fails as the particle

exhibits only one edge at the left and right image border.

Therefore, the length of particle trajectories touching the

border is underestimated. Last we tested the robustness of the

used method due to different SNRs (Fig. 2). For increasing

SNR the mean and standard deviation of the absolute bias tend

to zero, and thus accuracy of the algorithm is very high for

SNR C 1.6 (Fig. 2).

Validation via noise replacement

After successful verification and benchmark tests we

wanted to know if individual velocities originate from

defined particle trajectories in real data. Therefore, we

replaced parts of a trajectory with noise (Welzel et al.

2009) and analyzed the kymograph image again (Fig. 3).

This enabled us to assign individual velocities in a histo-

gram to its corresponding part of the trajectory (Fig. 3).

Together with the benchmark, these test results show that

the Hough transform is a suitable and robust method for

analyzing kymograph images.

Kymograph image analysis using the Hough transform:

case studies

Three applications for the analysis of neuronal cargo

transport are considered. Two of them are well character-

ized for direct comparison purposes with recent studies: (1)

axonal transport of the protein synaptophysin (Roy et al.

2007; Welzel et al. 2009) and (2) axonal transport of the

Fig. 3 Assignment of velocities determined by the Hough transform

to a particle trajectory via noise replacement. a Kymograph obtained

from a time-lapse movie (0.5 Hz) of hippocampal neuron, synapto-

physin labeled with mRFP. The obvious three different velocities

were signed with a blue star, a red triangle or a green asterisk,

respectively. b Parts of the particle trajectory in the kymograph were

replaced with noise to assign to specific velocities in the histogram.

c Histogram of calculated velocities. Each of the three different

velocities was detected as one line and thus resulted in one count for

each velocity. Quantification of velocities was omitted for clarity in

this case
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neurotoxin tetanus toxin (Bohnert and Schiavo 2005; Lalli

et al. 2003). Additionally we analyzed the transport

velocity of synaptic vesicle sharing between adjacent

synapses in hippocampal neurons, which is the focus of our

research (Darcy et al. 2006; Staras et al. 2010). Figure 4a

shows an example kymograph of synaptophysin labeled

with mRFP in a hippocampal axon and the corresponding

analysis. The histogram of detected velocities demonstrates

that the particles move both anterograde and retrograde

with a velocity of about 0.25 lm/s (Fig. 4c). Additionally

the pausing time of particles (see ‘‘Materials and meth-

ods’’), which corresponds to the y-axis component of the

length of the detected lines, is displayed as a histogram

(Fig. 4d). The relative pausing frequency was 17.05%.

Most particles paused for about 15 s, and about 30%

paused double the time in this experiment (Fig. 4d). For

verification and consolidation of these results, we increased

the number of experiments (Table 1). The average velocity

of synaptophysin, which is transported within a wide range

of velocities [0.2 lm/s to 3.0 lm/s (Roy et al. 2007)], was

0.80 ± 0.15 lm/s (32 kymographs, 13 experiments) and

thus in the range of previous studies (Roy et al. 2007;

Welzel et al. 2009). The average pausing time was

39.37 ± 8.83 s and was again in accordance with other

studies (Welzel et al. 2009). Furthermore, we analyzed the

axonal transport of the neurotoxin tetanus toxin in our

primary hippocampal culture (Table 1). This frequently

moving toxin (52% moving particles) was found to be

transported with an average velocity of around 1 lm/s, as

described by other studies (Bohnert and Schiavo 2005;

Lalli et al. 2003).

The movement of synaptic vesicles between adjacent

synapses was first observed in the frog neuromuscular

junction using FM dyes (Betz et al. 1992), and recently it

was properly shown that presynaptic terminals are able to

share vesicles in hippocampal neurons (Darcy et al. 2006;

Fig. 4 Example of a

kymograph image and its

analysis using the Hough

transform. a Left Kymograph

obtained from time-lapse movie

(0.5 Hz) of hippocampal axon,

synaptophysin labeled with

mRFP. Right Corresponding

binary image calculated using

Canny edge detector.

b Parameter space obtained

from the binary image using the

Hough transform:

q = xcos(h) ? ysin(h).

Accumulations in this space

represented by local maxima

correspond to the angle h and

Euclidean distance q of lines in

the binary image. The angle can

be used to determine the slope

and thus velocity v of each

detected line: v = tan(-hp/

180). c Histogram of the

calculated velocities. The mean

of the positive (right direction)

velocities is 0.30 ± 0.17 lm/s,

and the mean of the negative

(left direction) is

-0.23 ± 0.17 lm/s; 39.77% of

the detected velocities are

positive, and 17.05% are below

0.05 lm/s and thus pausing

(black). d Corresponding

histogram of pausing time
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Staras et al. 2010). So far, none of these studies has

determined the active transport velocity of this vesicle

exchange, while kymographs of this transport have already

been shown [see Fig. 4 in (Staras et al. 2010)]. We used our

Hough transform method for the determination of these

transport velocities. First, we stained the recycling pool of

the synapses with FM 1-43 as described (Ryan and Smith

1995). After washing, neurons were stimulated with 600

pulses at 30 Hz to evoke exocytosis. In the following 60 s

we made images with a frame rate of 2 Hz to observe

vesicle sharing between synapses. To ensure that we

looked at transported synaptic vesicles, we completely

destained presynaptic terminals by two subsequent stimu-

lation cycles with 900 pulses at 30 Hz (Groemer and

Klingauf 2007). Only those shared vesicles were taken into

account that reached another synapse and were destained

by the double total destain regime. The analysis of this vesicle

transport revealed an average velocity of 0.11 ± 0.03 lm/s

(Table 1).

Discussion

In this article, we presented a fast and robust method for

analyzing kymograph images. We used the Hough trans-

form to extract lines from kymograph images with their

slope corresponding to the particle velocity. The Hough

transform has successfully been established in the auto-

motive industry (Kamat and Ganesan 1995; Yanamura

et al. 2003; Yu and Jain 1997) because of its robustness and

fast computational implementation. The advantage for the

analysis of axonal transport is the direct control of the

results in kymograph images as the output of the Hough

transform are extracted lines, which the human observer

can directly check for plausibility. These features make the

Hough transform a proper technique for analyzing kymo-

graph images and its usage intuitive. However, the Hough

transform was made for the detection of straight lines. In a

kymograph image, this means particles move at a constant

speed. This raises the question whether the method is able

Table 1 Quantitative analysis of three different axonal transports: synaptophysin (32 kymographs, 13 experiments), tetanus toxin (7 kymo-

graphs, 4 experiments) and ‘‘synaptic super pool’’ (12 kymographs, 5 experiments)

Fluorescence-label Example images Example kymographs Average

velocity

(lm/s)

Average

pausing

time (s)

Estimated % of

moving particles

Synaptophysin mRFP 0.80 ± 0.15 39.37 ± 8.83 23.98

TTC GFP 0.97 ± 0.22 25.39 ± 7.23 51.61

Synaptic super pool FM 1-43 0.11 ± 0.03 – –

All data are derived from kymograph analysis using the Hough transform. Errors indicate standard error of the mean. Kymograph sizes are as

follows: synaptophysin (31.5 lm; 310 s), tetanus toxin (31 lm; 60 s) and ‘‘synaptic super pool’’ (5 lm; 54 s). Scale bars 2 lm
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to detect velocities during acceleration and deceleration

events of moving particles. As any differentiable function

can be approximated by lines according to the Taylor’s

theorem, the Hough transform can detect bended lines if

the sampling rate is chosen adequately. For example,

increasing the sampling rate will straighten a parabolic line

in a kymograph image. Here the limiting factor will be the

SNR as with reduced exposure time of the used camera the

SNR will be decreased. The use of kymograph images can

increase the SNR because of averaging or taking the

maximum of some pixels around the drawn line of interest.

This property of kymograph images is an advantage in

using higher frame rates.

Besides demonstrating its principle, we tested the effi-

ciency of the used algorithm using simulated data. We

found that the described method covers a wide range of

velocities in kymograph images (Fig. 1) and can accurately

detect velocities at low SNR (Fig. 2). In contrast to other

methods (Sbalzarini and Koumoutsakos 2005; Welzel et al.

2009; Zhang et al. 2011), the Hough transform uses the

information of the whole image, which results in its

robustness with respect to noise (Fig. 2). The lengths of

particle trajectories touching the image border are under-

estimated (see ‘‘Results’’). In real kymographs of axonal

transport, one could reject those trajectories, e.g., by

cropping the image, or in large kymograph images with an

increasing number of trajectories this border effect is

however negligible. We confirmed the applicability of our

method to analyzing two well-characterized neuronal cargo

transports: the presynaptic protein synaptophysin and the

neurotoxin tetanus toxin. Our results were in accordance

with those of previous studies (Lalli et al. 2003; Roy et al.

2007). Furthermore, we determined the transport velocity

of synaptic vesicles that were shared between synapses

(Darcy et al. 2006). The velocity of shared vesicles can be

estimated from previous studies as they indirectly also

presented information about distance and time of shared

vesicles. Ultrastructural analysis revealed that the average

separation of synapses was 4.85 lm (Staras et al. 2010),

and vesicles were shared over 1–3 adjacent synapses in a

5-min time interval (Staras et al. 2010), resulting in

expected velocities ranging from 0.02 to 0.05 lm/s. In the

same study a maximal velocity of about 0.02 lm/s could be

estimated from fluorescence microscopy data [see Fig. 1G

in (Staras et al. 2010)]. Between frog motor nerve terminals

the estimated velocity is about 0.01 lm/s [see Fig. 4 in

(Betz et al. 1992)]. Our measurement therefore could have

resulted in overestimated velocities of transported synaptic

vesicles when comparing to these studies. The reason for

this discrepancy is that we directly measured the slope and

thus the active transport through the axon. In contrast the

time used for velocity estimations, which was extracted

from previous studies (Betz et al. 1992; Staras et al. 2010),

started when vesicles left their original synapse and ended

when they had entered their destination synapse. The

leaving and entering process and the in and out sorting to

vesicle pools were not measured in our direct transport

velocity determination and would thus not decrease the

average velocity. The here-determined velocity is therefore

likely to better represent the transport phase in vesicle

sharing.

Automated detection algorithms in basic biological

research will hardly outperform an experienced human

specialist. However, a method that extracts lines similarly

to the human eye enables the human specialist to validate

the automated detected results and to eliminate possible

error due to operator fatigue. Furthermore, selection crite-

ria could exactly be defined as they are done by the algo-

rithm. Thus, kymograph analysis using the Hough

transform allows automated analysis and is therefore

capable of high throughput while the operator knows what

is happening.
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