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Introduction

Biochemistry is ruled by dynamic non-equilibria
where the concentration of certain biomolecules
determines the fates of metabolic or signaling
pathways. Not surprisingly, the understanding
of labeled biomolecule concentrations in vivo
allows us to infer biological states and the prob-
ability of the fates of single cells. This applica-
tion letter outlines how to use photon counting in
conjunction with HyD detection to measure mol-
ecule numbers and their brightness using the
N&B approach [1] and ImageJ [2].

Why N&B with photon counting detectors?
Number and brightness analysis represents a
statistical analysis of confocal microscopy im-
ages, which yields the mean number of particles
<N> and their corresponding brightness <B>.
Brightness in this context refers to the number
of photon counts per molecule per unit time. As
outlined below, relatively straightforward statis-
tics can yield the apparent molecule number and
brightness, which are each directly proportional
to the absolute molecule number and their emis-
sion coefficient. By means of calibration with
background, one can even derive these absolute
numbers [1]. However, being restricted to the
analysis of a single fluorescent species (per de-
tection channel) the method can give insight into
aggregation states via their brightness. Both pa-
rameters, N and B, can be obtained with spatial
resolution, thus giving insight into the spatial dis-
tribution of biomolecules as well as hints toward
the state of mono- or oligomerization. It has been
demonstrated that “multi-channel N&B”, termed
ccN&B, may reveal molecular interactions. Re-
lated techniques on single-point measurements
are FCS (Fluorescence Correlation Spectrosco-
py) and PCH (Photon Counting Histogram) [3,4,5].
As described in [1] N&B requires additional cali-
bration for detector offset when used with de-
tectors operated in integration mode. This addi-
tional step is not necessary when using photon
counting detectors. In the following application
we will use HyD detectors in photon counting
mode to generate the images for analysis.

Statistics behind N&B

The parameter B studies the statistical fluctua-
tions of fluorescence intensity <I> over time and
relative to the total intensity <I>. It can be de-
fined as B = 0%/<I> (eqn. 1), where o represents
the standard deviation and <I> the total or mean
intensity. Thus, if there is no dynamic fluctuation,
i.e., the molecules are immobile, the B parameter
convergesto 1, otherwise it will be > 1. The num-
ber of molecules is defined as the ratio of total
intensity to B, thus N = <I>%/0? (eqn. 2).

Practical Realization

Prerequisites for microscopy

Since the method is based on the inherent tim-
ing of a scanning system, the method lends it-
self directly to confocal microscopes. Samples
must have intensity fluctuations due to transport
or binding/unbinding. Hence, fixed slides will not
work. It is important to choose the imaging con-
ditions such that the pixel dwell time approxi-
mates the diffusion time (through the confocal
volume) of the labeled particle (see the Applica-
tion Letter on FCS [5]). The laser power should be
low to avoid bleaching. However, enough pho-
tons per pixel need to be sampled to achieve ap-
propriate statistics. A good starting point is > 20
photons per pixel. Photon counting detectors are
ideal for this kind of analysis, because the usual
calibration for offset and S parameters, as is the
case with analog devices or detectors running in
integration mode, is not needed here [1]. There-
fore, we employ HyDs by default, except where
explicitly stated otherwise.

How to apply number and brightness

analysis using ImageJ

While there is specialized software for number
and brightness analysis [6], a few simple stan-
dard functions in the widely available ImageJ
help to get started on the topic. Loading the im-
ages into Imaged can be accomplished either
via TIFF images (File/Import/Image Series) or di-
rectly from a .lif file using the LOCI importer [7].
We can apply the above mentioned statistics to
a time series of confocal images using standard



stack operations found in the stack menu of
Imaged (Figure 1). Since integer arithmetics can
lead to round-off errors that will propagate, in
the calculations, the first step after import of an
image sequence is to convert it to 32-bit type.

The images (or image maps) we need to create
are: mean intensity <I>, variance (o?), squared
mean intensity <I>2 as well as N and B.

Generation of mean intensity map <I>

This is a straightforward operation called Z-Pro-
jection in ImagedJ with the default setting “Aver-
age Intensity” (Figure 2).

Generation of variance map o2

The variance is the squared standard deviation.
We use the same z projection as above, just us-
ing the setting “standard deviation”. Afterward
we use “Process/Math/Square” to obtain the
variance.

Generation of squared mean intensity map <I>2
This map needed for intermediate calculations is
generated from the mean intensity map by copy-
ing it (Press Ctrl+C, then “File/New/Internal Clip-
board”) and squaring it as above.

Generation of the B map

According to eqn. 1 we can generate this map
by dividing the variance by the mean intensity.
We do this in ImagedJ using the image calculator
found in the “Process” menu (Figure 3). There,
we choose — Variance.tif as Image 1, “Divide” as
the operation, and “Mean Intensity.tif” as Image
2. We check both options and obtain the B map.

Generation of the N map

Analogously we use the image calculator to cre-
ate the N map with the squared mean intensity
map as image 1 and the variance as image 2.

Thus, both the N and B maps are obtained. Since
executing all steps manually can become quite
cumbersome when multiple experiments are
analyzed, we can automate these steps with an
Imaged macro. An example of a simple macro is
provided in the appendix.
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Figure 1: Stacks Menu of Imaged

Figure 2: Average Projection

Figure 3: Image Calculation
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N & B Analysis on Fluorescent Beads

A simple tool to test the methodology is to use flu-
orescent beads. In the example we used 40 nm
Y-G beads from molecular probes [8]. The beads
were diluted in Millipore water [9] and imaged in
a Lab-Tek chamber [10]. Imaging conditions were
chosen as listed in Table 1.

Using these settings, 300 images were acquired
and loaded into ImagedJ. Occasionally, large ag-
gregates of beads are visible in the field of view.
These images are deleted so as not to distort the
statistics. The results are seen in Figure 4 .

Table 1
Scan format 128 x 128
Number of images 300
Line frequency 100 Hz
Zoom 38.7
Voxel size xy 50 nm
Objective HCX PL APOQ CS 63.0x1.20 WATER UV
Laser Argon, 483 nm,
tube current 30%, AOTF 2 %
Detector HyD in photon counting mode
Comments

In this application letter we have seen how to
apply simple analysis of (apparent) number and
brightness maps using the Leica TCS SP5 with
HyD detection and purely open source tools for
image processing. In practice, some caveats ap-
ply that need to be accounted for. Photobleach-
ing, omnipresent in fluorescence imaging, leads
to a detrending of mean intensities. It can be
treated as described in [1]. In our example, pho-
tobleaching was below 10% and was not taken
into account for the analysis.
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Figure 4: N&B analysis on 40 nm Y-G beads excited at 488 nm with an Argon laser. First image of data set (A), mean intensity map (B),
squared mean intensity map (C), variance (D). The N map is shown in (E), the corresponding histogram in (F), likewise for the B map and
corresponding histogram plotted on linear (black) and log scale (gray) (G, H). The N value peaks at 0.28 and the B value peaks at 1.32.
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Appendix

This macro example automates the calculation of both B and N maps in ImagedJ v1.4. It assumes the
source image stack has been loaded and selected. To run it, copy the information below into a text
file and save it into Imaged’s plugins folder (or a subdirectory thereof). Don't forget to restart Imaged.

rename(“source_stack”);

run(“32-bit");

run(“Z Project...”, “start=1 stop=50 projection=[Average Intensity]”);
rename(“Mean Intensity”);

run(“Copy”);

run(“Internal Clipboard”);

run(“Square”);

rename(“Squared Mean Intensity”);

selectWindow("source_stack”);

run(“Z Project...”, “start=1 stop=50 projection=[Standard Deviation]”);
run(“Square”);

rename(“Variance”);

imageCalculator(“Divide create 32-bit", “Squared Mean Intensity”,”Variance”);
rename(“N");

imageCalculator(“Divide create 32-bit", “Variance”,”Mean Intensity”);
rename(“B");

selectWindow(“N");

run(“Enhance Contrast”, “saturated=0.5");

selectWindow("B"),

run(“Enhance Contrast”, “saturated=0.5");

selectWindow(“Squared Mean Intensity”);

run(“Enhance Contrast”, “saturated=0.5")
selectWindow("“Variance”);

run(“Enhance Contrast”, “saturated=0.5");



“With the user. for the user”

Leica Microsystems

Leica Microsystems operates globally in four divisions,
where we rank with the market leaders.

e Life Science Division

The Leica Microsystems Life Science Division supports the
imaging needs of the scientific community with advanced
innovation and technical expertise for the visualization,
measurement, and analysis of microstructures. Our strong
focus on understanding scientific applications puts Leica
Microsystems’ customers at the leading edge of science.

¢ Industry Division

The Leica Microsystems Industry Division's focus is to
support customers’ pursuit of the highest quality end result.
Leica Microsystems provide the best and most innovative
imaging systems to see, measure, and analyze the micro-
structures in routine and research industrial applications,
materials science, quality control, forensic science inves-
tigation, and educational applications.

® Biosystems Division

The Leica Microsystems Biosystems Division brings his-
topathology labs and researchers the highest-quality,
most comprehensive product range. From patient to pa-
thologist, the range includes the ideal product for each
histology step and high-productivity workflow solutions
for the entire lab. With complete histology systems fea-
turing innovative automation and Novocastra™ reagents,
Leica Microsystems creates better patient care through
rapid turnaround, diagnostic confidence, and close cus-
tomer collaboration.

® Medical Division

The Leica Microsystems Medical Division's focus is to
partner with and support surgeons and their care of pa-
tients with the highest-quality, most innovative surgical
microscope technology today and into the future.

www.leica-microsystems.com

The statement by Ernst Leitz in 1907, “with the user, for the user,” describes the fruitful collaboration
with end users and driving force of innovation at Leica Microsystems. We have developed five
brand values to live up to this tradition: Pioneering, High-end Quality, Team Spirit, Dedication to
Science, and Continuous Improvement. For us, living up to these values means: Living up to Life.

Active worldwide

and representatives in more than 100 countries

Australia: North Ryde Tel. +61 2 8870 3500 Fax +61 2 9878 1055 g
Austria: Vienna Tel. +431486 80500  Fax +43 1486 8050 30 E
Belgium: Groot Bijgaarden Tel. +32 2 790 98 50 Fax +32 2 790 98 68 g-’
Canada: Concord/Ontario Tel. +1 800 248 0123 Fax +1 847 236 3009 g
Denmark: Ballerup Tel. +45 4454 0101 Fax +45 4454 0111 %‘
France: Nanterre Cedex Tel. +33 811 000 664 Fax +33 1 56 05 23 23 §
Germany: Wetzlar Tel. +49 64 41294000 Fax +49 64 41 29 41 55 E
Italy: Milan Tel. +39 02 574 861 Fax +39 02 574 03392 §
Japan: Tokyo Tel. +81 3 5421 2800 Fax +81 3 5421 2896 ’é
Korea: Seoul Tel. +82 2514 65 43 Fax +82 2 514 65 48 é
Netherlands: Rijswijk Tel. +31 70 4132 100 Fax +3170 4132 109 g
People’s Rep. of China:  Hong Kong Tel. +852 2564 6699 Fax +852 2564 4163 é

Shanghai Tel. +86 21 6387 6606 ~ Fax +86 21 6387 6698 %
Portugal: Lisbon Tel. +351 21 3889112  Fax +351 21 385 4668 j'i’
Singapore Tel. +65 6779 7823 Fax +65 6773 0628 %
Spain: Barcelona Tel. +34 93 494 95 30 Fax +34 93 494 95 32 ;?
Sweden: Kista Tel. +46 8 625 45 45 Fax +46 8 625 45 10 {
Switzerland: Heerbrugg Tel. +41 71726 34 34 Fax +41 71726 34 44 §
United Kingdom: Milton Keynes Tel. +44 800 298 2344 Fax +44 1908 246312 §
USA: Buffalo Grove/lllinois  Tel. +1 800 248 0123 Fax +1 847 236 3009 ‘%

eLca

MICROSYSTEMS

LEICA and the Leica Logo are registered trademarks of Leica Microsystems IR GmbH.

@



