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Abstract
his thesis presents two methods for improving high content 
confocal microscopy.T

The author's part in the first, “Toward a confocal subcellular atlas 
of the human proteome” was automating image capture of four 
simultaneously tagged structures in cells in 96 well plates. In total, 
thousands of images of hundreds of proteins in cells. The author 
was also part of deciding which imaging methods should be used to 
maximize image information content and quality, given the limited 
time available per well in order to scan large numbers of wells.

The second project, “Improved water permeability measurements  
based on fluorescence normalization” involves increasing the sensitivity 
of measurements of protein function by normalizing with an 
estimate of the amount of protein in the cell — the fluorescent 
signal of a co-transfected protein. This could lead to achieving 
sufficient confidence in measurements with fewer experiments 
(thus increasing the information content in each experiment). A 
surprisingly high level of noise in the relationship between the 
fluorescent signal and the protein function was measured.

2



Sammanfattning
enna avhandling presenterar två projekt för att förbättra 
metoder för experiment med stora informationsmängder 

baserade på konfokalmikroskopi.
D

Författarens del i det första projektet, ”Toward a Confocal 
Subcellular Atlas of the Human Proteome” (Mot en konfokal, 
subcellulär atlas av det mänskliga proteomet) var att automatisera 
bildinsamlingen av fyra samtidigt inmärkta strukturer i celler i 
plattor med 96 brunnar. Sammanlagt togs tusentals bilder av 
hundratals proteiner i celler. Författaren var även del i att fastställa 
vilka bildinsamlingsmetoder som skulle användas för att maximera 
mängd och kvalitet på bild-informationen givet den begränsade tid 
per brunn som var tillgänglig för att kunna avbilda många brunnar.

Den andra studien, ”Improved water permeability measurements  
based on fluorescence normalization” (Förbättrade vattenpermeabilitets-
mätningar genom normalisering av fluorescens) syftade till att öka 
känsligheten hos mätningar av proteiners funktion genom att 
normalisera mätningarna med signalen från fluorescensen från ett 
kotransfekterat protein. Det skulle kunna leda till att nå tillräcklig 
tillförlitlighet i mätresultaten med färre experiment (därmed öka 
informationsinnehållet i varje experiment). En förvånansvärt hög 
brusnivå i förhållandet mellan fluorescenssignalen och 
proteinfunktionen uppmättes.
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Background
Brain Edema

Head trauma, stroke, hypoxia and water intoxication are some 
conditions that can lead to brain swelling, also known as brain 
edema.

As the brain is enclosed by the cranium, a swelling brain leads 
to a quickly increasing intracranial pressure, which in turn can 
cause severe neurological damage or death.

Head trauma is the leading cause of child mortality [1][2]. 
Cerebral edema is a common consequence of the shortage of 
oxygen or blood to the brain in adults and in newborn babies, and 
also a major cause of death and disability in babies and children[3].

Mouse studies have shown that 80% of the excess water in the 
brain entered brain cells through water channels in cell 
membranes, and that mice with genes for a water channel knocked 
out had a much better outcome than wild type mice [4].

Despite the severity of brain edema, its treatment has been 
largely unchanged for several decades, and there is a lack of specific 
drugs for edema treatment [5].

Cells
All living things are made of cells. Cells are small, fairly 
independent 'machines' with the abilities to reproduce by dividing, 
and to take in raw materials and use these to build all required 
parts of itself and as fuel for this process, and to sense its environ-
ment and act on environmental changes changes (known as 
metabolism).

There are two types of cells – the simpler prokaryotes (bacteria 
and archea), and the more complex eucaryotes. This thesis will 
exclusively deal with  the eucaryote cells which make up mammal 
bodies.

The animal cells studied in this thesis are about 30 μm (micro-
meters) in diameter, which means that if you line them up, about 
300 cells would fit in one centimeter.

Eucaryote cells are surrounded by a membrane known as the 
plasma membrane. This membrane, mainly made up of lipids, 

9



Approaches to Optimizing High Content Confocal Microscopy

contains various devices which let the cell interact with the outside 
world. Receptors detect substances outside the cell, such as signals 
sent by other cells, channels let substances flow into and out of the 
cell, and pumps which actively transport atoms and molecules 
through the membrane. 

These mechanisms, and most other parts of the cells are made 
up of proteins, a kind of molecule which can be built by the cell 
from recipes in the genetic material.

About 70% of cell weight is water, and about 20% is proteins [6].
Just as the animal body has organs with specialized function, the 

cell has organelles which perform important cell functions. The cell 
organelles include the nucleus, endoplasmic reticulum, Golgi 
apparatus and mitochondrion.

Astrocytes
Astrocytes are a type of cells in the brain and spinal cord.
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Illustration 1: The effect of extracellular particle concentration on cell volume change. A  

particle concentration which is higher outside the cell than inside (hypertonic) causes water  

to flow out of cells, and the cells will shrink. When the concentrations are identical inside  

and outside the cell (isotonic), there will be a balance between the inflow and outflow of  

water from the cell. If the extracellular solution has a low concentration (is hypotonic), then  

water will flow into the cells, which may cause them to burst.



Background

They play important roles in regulating the chemical 
environment for neurons (nerve cells) and maintaining the blood-
brain barrier.

Osmotic Pressure
Osmotic pressure is a physical effect which gives rise to a pressure 
difference between two solutions on either side of a semipermeable 
membrane, such as the cell plasma membrane.

When the concentration of particles outside a cell is lower than 
inside the cell (hypotonic), a water pressure arises which forces 
water to enter the cell, making it swell. If it swells too much, the 
cell may burst (see illustration 1, above).

The rate of water flow through the membrane in response to an 
osmotic pressure depends on the water permeability of the 
membrane.

Particle concentration, or osmolarity, is measured in osmol per 
liter, abbreviated Osm. One osmol is one mole of particles for 
which the membrane is impermeable. Normal physiological 
osmolarity is approximately 300 mOsm, but can be as high as 1,200 
mOsm in the kidney during urine concentration.

The Osmotically Active Fraction
In theory, changing the extracellular osmolarity from 300 mOsm to 
200 mOsm should cause the volume of a cell to increase by 50%. 
However, in practice the volume change often appears to be less 
than this. 

To explain this, the existence of a part of the cell which does 
not change volume in response to osmotic pressures has been 
suggested [7].

Proteins
Proteins are macromolecules which can be built from a sequence of 
amino acids specified by the sequence of nucleotides in a gene. 
Several mechanisms can affect the translation from gene to protein, 
so that one gene can give rise to several different proteins. Humans 
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are estimated to have around 20,000 genes, and the number is 
about the same for all higher animals.

Alternative splicing alters which parts of the DNA are actually 
transcribed to the protein amino acid sequence. Post translational 
modification modifies the protein's amino acid sequence after it 
has been translated from the DNA. 

After assembling the sequence, the protein 'folds' into a three 
dimensional shape which depends on its sequence. Its shape and 
charge distribution is what determines its functional role. Some 
proteins contain tags that cause the cell machinery to transport the 
protein to its correct place in the cell.

Proteins can function as scaffolding in the cytoskeleton, catalyze 
chemical reactions, react chemically with other proteins and 
substances, act as receptors in the cell membrane relaying signals 
from outside the cell to inside the cell, and as channels and pumps 
in the membrane, as well as acting as mechanical machines 
transcribing genes to proteins, and transporting other molecules 
around the cell.

Like most complex molecules inside the cell, proteins are 
eventually damaged so that they cannot perform their intended 
function. There is a recycling machinery inside the cell that collects 
defunct  proteins and disassembles then into their amino acids, so 
that they can be used to build new proteins from genes again.

Aquaporins
Aquaporins are proteins that form water channels in cell plasma 
membranes. 

Peter Agre was awarded the 2003 Nobel prize in Chemistry for 
the discovery of aquaporins.

Aquaporins in a cell membrane raises the membrane's water 
permeability significantly.

Aquaporin 4
Aquaporin 4 (AQP4) is a water channel present in the kidney and 
the central nervous system. AQP4 is the specific water channel 
mentioned in the section on Brain Edema on page 9 to have 
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Background

transported 80% of excess water in a mouse study on meningitis, 
where mice without AQP4 had a much better outcome than mice 
with AQP4 [4]. 

Four aquaporin 4 molecules join together to form one 
channel [8].

The aquaporin 4 molecule comes in two variants, or isoforms, 
due to post translational modification. These are known as AQP4-
M1 and AQP4-M23 (so named because it is missing the first 23 
nucleotides of AQP4-M1) [9]. 

AQP4 water channels can form orthogonal arrays which have 
higher water permeability than the channels alone (see illustration 2). 
Outside orthogonal arrays, the channels have a similar per-channel 
conductance [8][9]. 

The formation and size of orthogonal arrays depends on small 
differences in the ratio of M1 to M23 variants, and the M1 isoform 
alone does not form orthogonal arrays. It has been shown that a 
mutation at the Ser111 site of AQP4-M23 gives a higher single 
channel conductance and larger orthogonal arrays.

Experimental Methods for Cells

Fluorescence – a tag for cellular structures
Fluorescence is a phenomena where some molecules can absorb 
energy in the form of a photon (light) and shortly thereafter release 
most of this energy by emitting a photon with slightly less energy 
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than the absorbed photon (longer wavelength; the light has a color 
further towards the red end of the color spectrum). 

By using various techniques of placing fluorescent molecules in 
cellular structures to be identified, they can be seen in a microscope 
with a light source (normally ultraviolet) that causes them to 
fluoresce. 

The development of the methods for using fluorescent proteins 
in biological experiments, initially with Green Fluorescent Protein 
from jellyfish, was awarded the 2008 Nobel Prize in Chemistry.

Observing Living or Dead Cells
Experiments on cells can be divided into two types – after perform-
ing some intervention on living cells, either the results are observed 
in the living cells, or the cells are killed and their remains observed.

Antibodies
When using antibodies, cells are killed, then fixated to preserve the 
cellular structures. Antibodies can be used to tag specific molecules, 
in order for them to be observed. 

Antibodies originate in the immune system, where each anti-
body can bind very specifically to one type of molecule, identified 
by its shape and electrical charge.

Antibodies are in turn often tagged with other molecules, such 
as fluorescent proteins, so that structures identified by the 
antibodies can be observed in a microscope.

Advantages to using dead cells are that antibodies can be used, 
and that the cells do not need to be kept alive, and can be stored 
for weeks or months in refrigerators. However, killing and fixating 
the cells can introduce artifacts, and with this method it is difficult 
to study processes that develop over time.

Transfection
Studying living cells often requires tagging some structure in the 
cells so that it can be observed in a microscope. This can be done 
with transfection. 

Transfection involves introducing genes in the form of 
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deoxyribonucleic acid (DNA) into the cells. This DNA will be 
transcribed into proteins in the transfected cells.

The genes which are transfected into cells are often fusion genes, 
or two originally separate genes which have been combined into 
one gene. One common example is to fuse the protein one wants 
to study with a fluorescent protein. The resulting protein will 
ideally keep its original function while it can be identified in the 
cell by its fluorescence.

Discovering Protein Function
The functions of many proteins are still unknown. 

Biomedical research attempts to discover the function and 
interactions between molecules in cells. 

Measuring Permeability
Several methods for measuring membrane permeabilities have been 
proposed, all of which expose cells to a hypo- or hyperosmotic 
shock, and then monitor the rate of volume change by either direct 
measurement of the cell's geometry change [10][11][12][13][14]  or 
in marker compound concentration change.

This study uses Zelenina and Brismar's Confocal Laser Scanning 
Microscopy method [15], which measures the volume change in-
directly by of the change in concentration of a fluorescent marker. 
The method has been used in several permeability studies [16][17].

Confocal Microscopy
Confocal microscopes allows imaging of a thin slice of a specimen. 
By taking many such slice images, a three dimensional 
reconstruction of the specimen may be made.

The confocal imaging principle was invented by Marvin Minsky 
at MIT in 1957, but it was not until around 1987 that the first laser 
scanning confocal microscopes became commercially available.

They key to isolating light from a thin plane in the specimen is 
that light from the specimen must pass through a small hole, or 
aperture, positioned in such a way that all light from the plane in 
focus passes through the hole since it is in focus, but almost all 
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light from other planes are blocked, because it hits the screen 
beside the aperture. See illustration 3 below.

There are two principal types of modern confocal microscopes: 
spinning disk and laser scanning microscopes. This study uses laser 
scanning microscopes, where a light beam from a laser is deflected 
by mirrors, and allowed to illuminate the sample one point at a 
time.

The main sources of noise are dark noise, laser noise, shot 
noise, amplifier noise and secondary emission noise.

Dark noise is due to thermal electrons generated by the heat of 
the sensor.

Laser noise is cause by randomness in the fluctuation of the 
filling of excited states in the laser, and proportional to the laser 
strength.

Shot noise is due to the photons of the fluorescent emission 
being emitted at random times. If relatively few photons are 
detected per voxel, this effect will be greater.

Amplifier noise is due to electronic noise in the amplifier 
amplifying the signal from the sensor.

Secondary emission noise is due to variation in the multipli-
cation of the signal in the photomultiplier tube at the microscope 
sensor.

16

Illustration 3: The principle of a confocal microscope.



Background

High Content Screening Methods
High throughput and high content methods involve automated 
experiments testing large numbers of substances, one at a time on 
cells.

High content screening differs from high throughput in that 
many attributes are measured in parallel, and focus is on obtaining 
as much high quality data as possible in a short time.

High content and high throughput methods are important in 
the drug discovery process, where thousands of compounds can be 
tested for a desired effect.

High content methods reflect a lack of scientific knowledge – if 
we understood a phenomenon theoretically, then we could predict 
behavior, and not have to search for the desired behavior by 
performing large numbers of experiments.

It is similar to unrelated research areas, such as computer 
recognition of speech, where statistical algorithms trained on large 
amounts of collected speech have been much more successful than 
algorithms using scientific knowledge about features in acoustic 
signals.

Aquaporin 4 Blocker Project
An example of the use of a high content method is an ongoing 
project at the cell physics group to discover compounds to block 
aquaporin 4 water channels.

Using computer simulations, peptides (small proteins) that are 
likely to block aquaporin water channels will be selected and then 
chemically synthesized.

As these computational methods are still not very exact, one 
hundred of these peptides will be tested, one by one, with repeated 
experiments to try to ascertain if any of them have an inhibitory 
effect.

The Human Proteome Resource Project
Another example is the Human Proteome Resource (HPR) project 
which attempts “a systematic exploration of the human proteome 
using Antibody-Based Proteomics” [18]. 
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Before the work in this thesis, images were made which could 
primarily determine in which cell types a protein was present, and 
roughly where in the cells. See illustration 4, below for an example 
of such an image.

Aims of the Studies
The first study (Toward a Confocal Atlas of the Human Proteome) was 
part of a project to determine where inside various cell types each 
human protein exists. 

This is an enormous undertaking, eventually aiming to test 
proteins generated from all 20,000 genes in 69 cell types, which 
would require at least 1.38 million combinations of genes and cell 
lines. Repeating each such combination three times to validate the 
result would result in over 4.1 million experiments. Taking one 
three dimensional image in a confocal microscope can take in the 
order of a minute (this depends highly on the instrument and 
quality chosen). If the imaging was run twelve hours a day, all year, 
such imaging would take almost five years.

The reported study was a pilot study to evaluate the methods 
before embarking on such a full scale study.

18
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Background

My task in this project was to write a computer program to 
control the microscope, automating moving the samples, taking 
and storing images. I also took part in deciding which imaging 
parameters were to be used to optimize the information content.

The quantification study (Improved water permeability measurements  
based on fluorescence normalization) aims to reduce the noise present 
in measurements due to varying transfection efficiency. 

One possible use for this technique could be used in studies of 
aquaporin channel blockers to measure smaller effects in the 
number of water channels blocked than if a variability due to 
varying transfection degree were present.

This will be done by measuring the fluorescent signal (which 
should be proportional to the number of fluorescently tagged 
aquaporin proteins) and the cell's permeability (which should also 
be a function of the number of aquaporin proteins). 

This should allow us to estimate a value proportional to the 
permeability per water channel, which ought to be constant for all 
cells. 
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Materials
Cells

The cell permeability measurements try to measure the purely 
physical process of water flow through a semipermeable membrane 
driven by an osmotic difference (and how it is affected by the 
membrane permeability), without the influence of any biological 
processes in the cells. Theoretically, the choice of cells for the 
measurements is not very important since we are not interested in 
the biological properties of the cells.

We considered COS-7, HEK293, MDCK, LLCPK and CTX 
TNA2 and DI TNC1 cell lines. 

COS-7 (kidney cells from african green monkey) were discarded 
because cells from one culture differ wildly in size which might have 
an effect on the experiments. It was suggested that COS-7 cells 
consist of two sub populations and that proteins are often mis 
expressed in COS-7 cells (Markus Kruusmägi, personal 
communication).

HEK293 (Human Embryonic Kidney Cells) don't stay attached 
to the glass cover slide at regular perfusion speeds (Marina 
Zelenina, personal communication).

MDCK (kidney cells from a cocker spaniel dog) were discarded 
because they form monolayers with tight junctions, such that the 
solute doesn't get access to the aquaporins, which are in the 
basolateral membrane (against the glass) (Marina Zelenina, personal 
communication).

LLCPK (Porcine Kidney Epithelial cells) cells form monolayers, 
but have a water permeable transporter protein in their 
membranes, with varying permeability (Marina Zelenina, personal 
communication), and were therefore discarded.

CTX TNA2 astrocytes have a relatively low transfection rate, and 
can only be used for a few generations.

The DI-TNC1 rat astrocyte cell line was finally chosen because it 
was available, easy to culture, had been used for permeability 
measurements previously, and as astrocytes in animals naturally 
express aquaporin 4, results on aquaporin 4 in astrocytes would be 
more biologically relevant.
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Constructs
Four DNA constructs were considered:  AQP4-M1/Venus, AQP4-
M23/Venus, AQP4-M1/IRES-GFP AQP4-M23/IRES-GFP.

Venus and GFP are two different fluorescent proteins.
IRES is a construct where the fluorescent part of the construct 

is detached from the functional protein, and distributed evenly in 
the cell. This would probably have been easier to measure than a 
non-IRES variant.

Finally, AQP4-M1-Venus and AQP4-M23-Venus were selected 
because they were available, and time constraints did not allow for 
amplification of an IRES variant.

Transfection Kit
Exgen 500 from Fermentas was used as the transfection kit, because 
it had yielded good results in other projects in the lab, and was 
relatively inexpensive.

Phosphate Buffered Saline with varied osmolarity
Two Phosphate Buffered Saline (PBS) solutions were made, one 
with 200 mOsm and one with 300 mOsm osmolarity. Both 
contained 0.9 mM CaCl2, 0.49 mM MgCl2, 2.7 mM KCl, 1.5 mM 
KH2PO4 and 8.1 mM Na2HPO4. The 200 mOsm PBS also had 87 
mM NaCl, and the 300 mOsm PBS had 137 mOsm NaCl.

Microscopes
For the HPR project, a Zeiss LSM-510 Meta confocal microscope 
with a motorized stage was used.

For the quantification project, initially a Zeiss LSM-510 was 
used, but the focal plane was not sufficiently stable for the calcein 
measurements. We had to use a Zeiss LSM-410 microscope, which 
had lower time resolution (over 1 second per frame, as opposed to 
about 250 ms per frame for the LSM-510.

The LSM-410 microscope was equipped with a Zeiss Plan-
Neofluar 1.3 numerical aperture oil immersion objective.
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Modeling
Cell Permeability Measurements

A cell is modeled as having one osmotically active, and one 
osmotically inactive fraction. Only the osmotically active fraction 
changes volume in response to a change in the extracellular 
osmolarity.

The calcein is assumed to be evenly distributed within the cell 
(both in the osmotically active and inactive fraction), and is diluted 
(fluorescent intensity decreases) when water enters the cell, making 
it swell.

The rate of volume change of a cell exposed to changed 
extracellular osmolarity at the time of the change is described by 
equation 1, where v a t  is the volume of the osmotically active part 
of the cell at time t, v  t   is the volume of the cell at time t, and 
Pw  is the water permeability of the cell membrane, Vw  is the 

molecular weight of water ( 18.05⋅106  m3/mol), A  is the surface 
area of the cell, and o0  and o 1  are the extracellular 
osmolarities before and after the switch, in our experiments 300 
and 200 mOsm respectively.

Pw=
dva  t 
dt

1
−Vw A o1– o0

=−
d 
va t 
v 0



dt
v 0

V w A o1−o0
 (1)

The original method by Zelenina and Brismar [15] assumed the 
volume to area ratio to be approximately constant for all cells. To 
compare our results (which take varying volume to area ratios into 
account) with the original method, it will be useful to work with a 
volume to area dependent measurement, Pwf :

Pwf=Pw
A
v 0

=−
d 
va t 
v 0



dt
1

V w o 1−o 0
 (2)

The microscope measure the intensity from the intracellular calcein 
i  t  , which is inversely proportional to the cell volume. It is also 

subject to bleaching of the fluorophore (b is the bleaching in 
percent per second, k is the intensity that one volume unit of the 
cell emits at time 0): 
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i t = k 1−b
t

v t 
 (3)

To facilitate calculations, we define iru t   by equation 4, which is 
the relative intensity, corrected to compensate for bleaching 
('u'=unbleached), and normalized to 1 before the osmolarity switch. 

iru t =
i t 

k 1−bti 0
=
v 0
v t   (4)

We also introduce f oa 0 , the osmotically active fraction before the 
osmolarity change, and v i , the volume of the osmotically inactive 
part of the cell:

f oa t =
va t 
v t 

, vi=v 0−v a0=v 01 – f oa0  (5)

which gives us the following expression:

iru t =
v 0
v t 

=
v 0

viva  t 
=

v 0
v 01−f oa 0va t 

= 1

1− f oa 0
v a t 
v 0

 (6)

We can then express the d
va  t 
v 0
dt

 from equation 1:

va t 
v 0

= 1
iru  t

– 1f oa0  (7)

calculate its time derivative:

d 
v a t 
v 0



dt
=− 1

iru t 
2

diru
dt

 (8)

We will measure the diru /dt  at time 0, when iru0  is 1. Inserting 
this into equation 1 above, gives us:

Pw=
diru
dt

v 0
A Vw o 1−o0

 (9)

The unit for Pw  is m/s.
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Methods
Experiment Setup

A flow chamber with the cells was placed in the Zeiss LSM-410 
confocal microscope, with a 40x oil immersion objective. The 
outlet from the flow chamber was connected via a tube to a bottle 
on the floor collecting the waste. The inlet to the flow chamber 
came from valves attached to a cooling tank (illustration 5 on page 
26).

Two bottles with 200 and 300 mOsm PBS were floating in a 
tank of water cooled to 10°C. Tubes from the bottles fed to two 
manually controlled valves. The valves were configured such that 
the 200 mOsm PBS could flow either to a third, recycling bottle (in 
order to maintain flow to keep the temperature of the PBS in the 
tubes at 10°C) or to the second valve. The second valve could be 
set to either feed 300 mOsm PBS, 200 mOsm PBS or block the 
flow to the flow chamber.

PBS flowing through the flow chamber was driven by the 
hydrostatic pressure resulting from the height difference between 
the cooling tank and the waste collection bottle on the floor (a 
height of ca 115 cm). The PBS bottles floated in the cooling tank in 
order to keep the height of the levels of PBS in the bottles constant, 
yielding a constant pressure in the flow chamber.

A syringe replaced the outlet of the valves when calcein-AM was 
injected into the flow chamber.

Cell Culturing
The rat astrocyte cell line DI TNC1 was grown on 40 mm cover 
slips (Bioptechs, Butler, PA) in Dulbecco’s modified Eagle’s 
medium (DMEM, D6546, Sigma Aldrich, Sweden) containing 50 
U/ml penicillin and 50 μg/ml streptomycin supplemented with 
10% fetal bovine serum (FBS), and 4 mM L-glutamine. 

Transfection
The cells were transfected on the second day of culture with cDNA 
constructs encoding mouse M1 and M23 variants of aquaporin 4 
tagged with Venus fluorescent protein on the NH2-terminus. The 
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Exgen 500 transfection reagent (Fermentas Life Sciences) was used. 
50 μl of water, 50 μl of 150 mM NaCl, 2 μg of carrier DNA and 
492 μg of construct DNA were mixed with 16 μl of Exgen 500 and 
added to each 60 mm cell culture dish with 5 ml of medium, with 
cells on 40 mm cover slips. The experiments were performed on the 
fourth day of culture, when the cells were subconfluent.

Permeability Measurement Protocol
Cover slips with cells were placed in a flow chamber (Bioptechs  
FCS2, Bioptechs, Butler, PA). 300 mOsm PBS was flowed through 
the chamber to replace the cell culturing medium.
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Illustration 5: Experiment setup. 300 mOsm PBS in bottle 1 and 200 mOsm PBS in 

bottle 2 float in a tank (4) so that the levels in both bottles are at the same height. The 

tank is cooled by a cooler (5) which pumps cold water through tubes (3). The 200 mOsm 

PBS is connected to a valve (6), to either flow to a recycling bottle (8) or to a valve (7). The 

300 mOsm bottle is connected directly to valve 7. The outlet of valve 7 is connected to the  

flow chamber (9) containing the cells, which in turn is placed in the confocal microscope  

(10). The outlet from the flow chamber flows to waste bottle (11), placed 115cm below the 

tank level in order to drive the PBS flow through the system at a suitable rate. A syringe 

(12) is carefully connected to the inlet of the flow chamber instead of valve 7 in order to 

inject calcein-AM into the flow chamber.
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The light in the room was switched off to avoid interference 
with the microscope imaging.

The cover slip was examined through the microscope, and 
manually searched for a region with cells having a large number of 
transfected cells, as judged by the fluorescent intensity from the 
Venus construct.

An image was recorded with maximum pinhole opening  (See 
illustration 6 left for an example. Note that the highest intensities 
are around the cell edges). Then a Z-stack with 1 μm distance 
between the slices, with a pinhole of 1.44 airy units was recorded. 

These two images (full pinhole and Z-stack) provide two possible 
ways of estimating the total fluorescence in the sample – either 
summing two dimensional pixels in a full pinhole image, or 
summing all voxels in a Z-stack. These methods can be compared to 
see if the faster method (using the open pinhole 2D image) yields as 
exact values as the slower method of using a Z-stack, which is 
composed of many 2D images.

The tube from the cooling tank valves was disconnected and 
replaced with a syringe with a mixture of 100 μg calcein-AM 
(Invitrogen), 20 μl dimethyl sulfoxide (DMSO), and approximately 8 
ml of 300 mOsm PBS. Approximately 500 μl of this mixture was 
injected into the chamber. The cells were incubated in the calcein-
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Illustration 6: Transfected cells with venus tagged AQP4 (left), and the same cells filled with calcein (right)
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AM for about five minutes (see illustration 6 right for an example 
image). As the amount of calcein in the cell is constant, its 
concentration will decrease as water enters the cell when it swells. 
Thus volume change of the cell can indirectly be measured by the 
change of the fluorescent intensity from a fixed volume (such as 
part of a slice imaged by a confocal microscope).

The tube from the cooling tank valves was reattached, and 300 
mOsm PBS flow was applied to the chamber. As the cooling of the 
chamber affected the focus of the microscope, the chamber was 
allowed to stabilize. A time series recording was made, with a frame 
time setting of 0.7 seconds, using the Zeiss software “Scan mean of 
ROIs” function. The 200 mOsm PBS was set to run to the recycling 
bottle. After approximately 45 seconds, the flow was switched from 
300 mOsm to 200 mOsm, and allowed to flow for approximately a 
minute.

Software Development for the Permeability Measurement Project
A computer program for analyzing the confocal microscope images 
to measure the properties of the cells used in the permeability 
measurements was developed. The program was written in the Java 
programming language.

The work flow and algorithms for calculating the cell properties 
are as follows:

First, cells are manually outlined in the image.
The total intensity for each cell is calculated as the sum of all 

pixel intensities inside the region marked for the cell in the Z-stack.
The time series for each cell is analyzed. First, the time point 

just before the switch in osmolarity is manually specified. The part 
of the curve before this point is curve-fitted to an exponential decay 
in order to compensate for bleaching, by taking the logarithm of 
the time values, and then doing a linear regression. This bleaching 
compensation is applied to the entire curve. The intensity values 
are also divided by the average initial intensity, as calculated by the 
above linear regression offset. This yields the iru t  of the equation 
4 on page 24. 
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The time point of the start of intensity decrease is also marked 
manually, and an exponential decay function is fit to the 
subsequent time points, by calculating the natural logarithm of the 
intensity values and then doing a linear regression. We then get a 
slope:

k=
d ln  iru t 

dt
 (10)

such that iru  t   is approximated by iru=e
kt with a slope of R2  at time 

zero.
Using equation 1 on page 23, k is multiplied by 

1
18.05⋅106200−300 

=−5.54⋅10−10 to get Pwf .

Calculated Cell Properties
For each experiment, two files are produced – a three dimensional 
(3D) image stack taken at a pinhole opening of approximately two 
airy units, and a time series of images of the calcein filled cells as 
the extracellular osmolarity is switched from 300 mOsm to 200 
mOsm.

Before calculating the properties for individual cells, an area in 
the images which does not contain cells is marked. The average 
voxel intensity in this area are subtracted from the 3D intensity and 
time series values to compensate for any constant background light.

Each transfected cell area is then manually outlined in each 
image. 

Three Dimensional (3D) Intensity
All 3D images were recorded with the same gain settings on the 
microscope to be comparable to each other.

The intensity values are the sums of the voxel values in the cell 
region of the image stack, with the average intensity of voxels in the 
background area subtracted from each voxel.

Volume
The volume (before osmolarity change) is approximated by first 
counting the number of voxels in the cell, and then multiplying the 

29



Approaches to Optimizing High Content Confocal Microscopy

voxel count by the known volume of each voxel (obtained from the 
microscope settings).

Determining which voxel in the region is inside the cell, and 
which is outside is tricky, and is performed by the following 
algorithm, which was developed empirically.

First, voxels with intensities over 19 (a manually selected level 
which gave reasonable results) are considered to contain transfected 
proteins, and labeled as inside the cell and over the intensity 
threshold.

If there are any isolated such voxels (i.e. none of their 8 
neighbors are also over the intensity threshold), they are removed. 
The reasoning is that these are guessed to be misdetected voxels.

The voxels thus determined to be inside the cell do not 
normally form a complete shell around the interior of the cell since 
the aquaporins are not evenly distributed in the membrane.

Therefore, a 'growing' process is performed in three passes. In 
each pass, voxels which are unclassified, but where one of their six 
neighbors (above, below, right, left, behind, in front) are either 
above the threshold or have previously been 'grown' are marked as 
'grown'.

At this point it is expected that the grown and initial intense 
voxels form a complete shell around the interior of the cell.

All voxels which are unclassified and border the outside of the 
cell are marked as outside the cell until no such voxels remain.

The remaining unclassified voxels are classified as being inside 
the cell.

Next, a compensation is performed for the voxels that were 
added to the cell in the growing process – a three pass shrinking 
process is performed, where voxels which have previously been 
grown and neighbor voxels outside of the cell are marked as being 
outside the cell.

One step remains. At this point it is possible to have multiple 
regions of voxels inside cells which are not contiguous. Only the 
largest such region is kept, the rest are tagged as being outside the 
cell.

30



Methods

This array of voxels considered to be inside the cell are the basis 
for the calculation of cell volume and surface area. The volume is 
the sum of the volumes of the voxels inside the cell.

Surface Area
After having determined which voxels are inside and outside the 
cell as described for 'Volume' above, the area is estimated as follows: 
For each voxel inside the cell, the area of any of its six faces (if any) 
that border a voxel outside the cell are summed.

Volume to Area ratio
This property is calculated by dividing the volume by the surface 
area. It is part of the water permeability formula.

Volume/Area independent Water Permeability
This property is measured and then used to calculate the water 
permeability. 

First, a region is selected which is entirely within the cell in all 
time series images.

For each image in the time series, the intensities of each pixel, 
after subtracting the background intensity is summed. This gives a 
time series of intensities.

This intensity is divided by the maximum intensity to get a value 
from zero to one.

Before switching the osmolarity, the cells are left in 300 mOsm 
medium for approximately a minute. The intensity during this time 
may decrease due to bleaching of the fluorophore. To compensate 
for this, an exponential decay function is fitted to the time series, 
and a new, normalized time series produced, compensated for 
bleaching.

Then the level at which the decreasing intensity levels out after 
the osmolarity switch is manually marked. In theory, the cell 
volume should increase by 50%, and the intensity decrease by 1/3. 
However, this rarely happens, and often the intensity decreases less 
than 1/3. This has been suggested to be due to a fraction of the cell 
volume being osmotically inactive. Sometimes the intensity decreases 
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more than 1/3, which leads to an osmotically active fraction larger 
than 100%, which is difficult to motivate theoretically.

Then the point at which the intensity starts decreasing after the 
osmolarity  is manually marked. An exponential decay function is 
fitted to the decreasing intensity, using between 2 and 5 data points 
(the number of data points is manually selected to obtain a good fit 
to the decrease). See illustration 7 for an example curve.

The slope of this curve is used to calculate the volume to area 
independent water permeability Pwf  of equation 9 on page 24.
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Illustration 7: Screen shot of analysis program with intensity curve for a measured cell. The 

black curve is the intensity values from the cell. The red horizontal line at top left is the  

portion of the curve which is adjusted for bleaching, the red descending curve to its right is  

the curve fit for the decreasing intensity. The dip at right is an artifact due to a pressure 

pulse sometimes being visible when the osmolarity valves are switched. The long horizontal  

red line is manually adjusted to match the bottom of the curve, and its level is used to 

calculate the osmotically inactive fraction. Sliders at the bottom also allow the user to adjust 

the times of switching. The right part of the curve was not used for analysis, but shows the 

cell response when the extracellular osmolarity is changed back to 300 mOsm.
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Water Permeability
The actual water permeability is obtained by multiplying the 
volume/area independent water permeability ( Pwf ) by the volume 
to area ratio according to equation 9 on page 24.

Full pinhole intensity
This is the sum of the pixels in the cell region of the two 
dimensional image, with the average background intensity 
subtracted from each pixel. 

This is a fast way of approximating the three dimensional 
intensity, and should correlate with it. Differences between the full 
pinhole and 3D intensity could occur if, even at full pinhole 
opening of the microscope, all light from the cell is not detected by 
the microscope.

Base Area
The base area (the area of the cell which is against the glass, is 
estimated by using the same voxel data as used for the volume and 
area determination. 

For each vertical column of voxels, if any voxel in the column is 
inside the cell, then the base area of that column is counted as part 
of the base area.

This works because the cells are widest at their base.

Osmotically Active Fraction
The osmotically active fraction is obtained when calculating the 
volume/area independent water permeability.

Confluency
For a subset of the cells, a number was manually assigned 
depending on the amount of the circumference of the cell which 
was surrounded by other cells. This number was assigned as either 
zero for a solitary cell, one for a cell completely surrounded by 
other cells, or 0.25, 0.5 or 0.75 for values in between. The rationale 
for this was that the water transport of the cell could be affected by 
neighboring cells.
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Hemisphericity
This property is intended to be a measure of the shape of the cell. 
It is a value between zero and one, depending on how similar the 
cell's shape is to that of a hemisphere. It is calculated from the 
volume, area and base area properties above.

Two variants of hemisphericity were calculated – one compares 
the area of the cell with an area of a hemisphere of the same 
volume, and the other compares the base area of the cell to the base 
area of a hemisphere of the same volume. The former yielded 
somewhat better correlation, and was used. Results of the latter are 
not reported

Permeability Correlations
For each measured parameter, a linear regression was performed for 
a plot of the permeability and the parameter (not published in the 
article). 

The purpose of this was to attempt to discover if any variability 
in the relationship of fluorescent signal to permeability could be 
due to some unknown biological factor, which could also correlate 
with, say, a change in shape of the cells.

As a measure of the quality of the linear fit, the coefficient of 
determination, R2 , was used.
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Results
Toward a Confocal Subcellular Atlas of the Human Proteome

The pilot study was completed with approximately 3,000 high 
resolution images captured (see illustration 8, which is a composite 
of four images in different colors, one each for the nuclei, 
cytoskeleton, endomplasmic reticulum and the protein being 
studied).

Images were acquired with a 63x/1.4 numerical aperture oil 
immersion objective, one color at a time to prevent spectral bleed-
through. In each well, two horizontal images and one vertical were 
recorded. 12 bits per pixel, 2 averages per line, a pixel time of 1.84 
μs, and a pixel size of 80 x 80 μm was used.

A program was developed to automatically collect images from 
96 well plates. As part of this program, an autofocus algorithm was 
developed to automatically set the upper and lower limit of Z-stacks 
when scanning cells. Since the 96 well plates and the stage they are 
mounted on are not completely flat, there is always a shift in depth 
between wells. A maximum depth shift between adjacent wells was 
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Illustration 8: An image from the HPR project. Nuclei stained blue, cytoskeleton red,  

endoplasmic reticulum yellow and protein of interest (an uncharacterized protein) green.  

Cells are a glioblastoma cell line.
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determined, as well as the depth range covered by a full pinhole 
image. 

A low resolution Z-stack was made of the channel which imaged 
the stained nucleus, because its intensity did not vary greatly 
between cell types. The stack was made with a separation distance 
between the slices of half the depth of a full pinhole image. This 
should guarantee that any cells in range will be present in at least 
one slice.

In each slice of the Z-stack, the fluorescent intensity was 
summed, and the slice with the highest intensity selected. If this 
maximum intensity was below a certain threshold, it was assumed 
that no cells were present in the area, and the program proceeded 
to the next area of the well (the program tried to image five areas of 
each well).

A binary search was made between the slices of the Z-stack above 
and below the slice with the highest intensity, to find the slice with 
the highest intensity. This assumes that the intensity changes 
monotonically from outside the cell to a maximum and then 
decreases to the outside of the cell. When the z coordinate of the 
slice with the maximum intensity was found, a final Z-stack was 
imaged with limits a fixed distance above and below this z position.

Finally however, an operator was hired to run the microscope 
instead of the program, since limitations in the Zeiss microscope 
software prevented the program from running at an acceptable 
speed.

Improved water permeability measurements based on fluorescence 
normalization
Experiments were run on 48 glass slides with transfected cells on 8 
days. Of these 48 experiments, 22 yielded data usable for the 
analysis with between 1 and 14 cells per plate. 109 cells were 
analyzed, 70 transfected with the AQP4-M1 isoform, and 39 with 
the AQP4-M23 isoform. Only results for AQP4-M1 were reported 
in the article.
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Variation in Permeability
Illustration 9 shows the spread of the uncorrected permeabilities 
(neither taking the volume to area ratio into account, nor the 
intensity measurement) and the corrected permeabilities (using the 
intensity values and volume to area ratio). The standard deviation 
of the uncorrected values is 13.23 μm/s, and the standard 
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Illustration 10: Aquaporin density vs per channel permeability - no saturation effect

Illustration 9: Per channel permeability distribution with (red) and without (blue)  

compensation for the fluorescent intensity.
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deviation of the corrected values are 11.87 μm/s. According to an 
F-test the probability that the actual spread of the normalized values 
is less than the spread of the unnormalized values is 83%.

Taking the intensity but not the volume to area into account 
gives a standard deviation of 14.93.

Illustration 10 shows the aquaporin density (a value 
proportional to the number of channels estimated by intensity 
versus the cell's surface area).
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Illustration 11: Distribution of Volumes of cells transfected with AQP4-M1 and AQP4-M23
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Illustration 13: Surface areas of astrocytes transfected with AQP4-M1 and AQP-M23
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Illustration 12: Distribution of osmotically active fraction for astrocytes transfected with 

AQP4-M1 and AQP4-M23
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Illustration 15: Base areas of astrocytes transfected with AQP4-M1 and AQP4-M23
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Illustration 14: Distribution of degree of similarity with a hemisphere for astrocytes  

transfected with AQP4-M1 and AQP4-M23
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Illustration 16: Z stack intensity vs. Permeability. Lines are linear regression fits.

Attributes

M1 (n=70) M23 (n=39)

R2 Slope R2 Slope

3D intensity 0,46 0,0042 0,23 0,0016

Volume/Area ratio 0,39 20 0,40 14

Full pinhole intensity 0,39 0,024 0,21 0,0077

Volume 0,18 0,0015 0,17 0,0010

Hemisphericity 0,12 35 0,21 37

Volume/(area except base area) 0,12 7,0 0,34 11,8

Base area 0,00 -0,0067 0,01 0,0020

Osmotically active fraction 0,03 8,3 0,14 24

Area 0,02 0,0010 0,02 0,0016

Confluency 0,00 1,7 0,13 0,0016

Table 1: Correlations of cell properties with water permeability
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Results

Variations in Other cell Properties
As a part of this study, various properties of cells of the astrocyte 
cell line DI-TNC1 were measured. Experiments were performed on 
cells transfected with both the M1 and M23 isoforms of 
aquaporin 4. The distributions of cell volumes are presented in 
illustration 11, cell surface areas in illustration 13 (both on page on 
page 38), cell base areas in illustration 15, osmotically active 
fraction in illustration 12, and degree of shape's similarity with a 
hemisphere ('hemisphericity', see definition on page 34) in 
illustration 14 (all on page 39).
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R2 of absolute error after cumulative estimation 

of M1 isoform permeability

Mean Z-stack 

intensity

Hemisphericity Osmotically 

Active Fraction

Z-stack intensity 0.46 0.00 0.01 0.01

Full pinhole intensity 0.39 0.00 0.00 0.01

Volume/Area ratio 0.39 0.13 0.00 0.00

Volume 0.18 0.04 0.00 0.00

Hemisphericity 0.12 0.33 0.00 0.00

Volume/non-base Area 0.12 0.05 0.01 0.01

Osmotically active fraction 0.03 0.08 0.08 0.00

Surface area 0.02 0.12 0.00 0.01

Base area 0.00 0.16 0.00 0.00

RMS Relative Error 99% 63% 54% 45%

RMS Absolute error 11.5 8.4 6.9 6.6

Table 2: Correlations of cell properties with residual error after linear estimation of water  

permeability using mean water permeability, z-stack intensity, hemisphericity and  

osmotically active fraction.
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Correlations between cell properties and permeability.
The correlation of permeability with each measured attribute is 
listed in table 1 on page 40. As an example of a plot with a linear 
regression, see illustration 16 on page 40 of the z stack intensity 
versus the permeability.

We then tried to predict the permeability from the z stack 
intensity, using the linear regression formula. This reduced the 
error from a prediction using the mean from 94% to 66%.

Then, for each remaining parameter, a linear fit was performed 
on a plot between parameter and the error of the predicted 
permeability using the linear formula based on the Z-stack intensity 
and the actual permeability. This yielded the results in table 2.

The final equation for estimating the permeability of AQP4-M1 
is:

Pw≈0.0042⋅i3d42.56⋅hemi7.65⋅f a−22.19

The same method results in the following formula for estimating 
the permeability of AQP4-M23:

Pw≈9.59⋅v /a25.66⋅f a−18.18

Performing the analysis of the M23 data using the same parameters 
as the M1 data results in the following equation:

Pw≈0.0014⋅i3d24.1⋅hemi25.4⋅f a−18.3
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Discussion
Toward a Confocal Subcellular Atlas of the Human Proteome

The pilot study was successful, and as of December 3, 2008 update 
of the www.proteinatlas.org database, data obtained with this 
method for 1,902 genes have been published.

A human operator was hired, which allowed intelligent selection 
of which well areas were imaged.  This increased the information 
quality, but at a greater expensive than an automatic solution.

High content projects are a new use of confocal microscopes, 
and the microscope manufacturers need to adapt their products, 
specifically the control software, to this use in order for them to be 
successful in this field.

Trading Quality for Speed in High Throughput Confocal Microscopy
High content confocal microscopy projects must carefully consider 
the trade-off between the time to acquire the images, and the image 
quality that can be achieved. Often there is a hard limit in the total 
amount of time available.

In normal use of confocal microscopes, the settings (such as 
resolution, pinhole size and bi-directional scanning) are selected to 
achieve an optimal image quality. However, in high throughput 
situations, reducing the resolution by half may slightly reduce the 
accuracy of the image, but allow twice as many wells to be scanned, 
which might make it a good trade-off.

In the project, one goal was to calculate co-localization of the 
protein of interest with the cell's organelles. This was achievable 
with a resolution where the images were not as visually attractive as 
they could be. Project management decided that the higher 
resolution should be used in order to have visually appealing 
images in the public database, even though it was not necessary to 
answer the scientific question.
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Improved Water Permeability Measurements based on Fluorescence 
Normalization
The resulting effect was much smaller than expected, showing a 
large variance in permeability even when compensation was done 
(see illustration 16 on page 40).

A biophysical explanation could be that the proportion of the 
total amount of aquaporins in the cell, which are functioning in 
the membrane varies. The cell could contain aquaporins close to 
the cell membrane, but not inserted in the membrane, which 
would emit fluorescence, but not contribute to the cell's 
permeability. 

One contributing factor could be measurement error. The 
experiments were first attempted on a Zeiss 510 microscope with 
the intention of recording four frames per second, but lacked the 
required vertical focus stability. The experiments were instead 
performed using an older Zeiss 410 microscope, which had a stable 
focus plane, but only allowed recording one frame per second, 
which may have limited the precision of the slope readings.

Some experiments failed due to shifts in the focal plane when 
the extracellular flow was switched from 300 mOsm to 200 mOsm, 
presumably due to pressure differences in the flow chamber 
resulting from changes in the hydrostatic pressure between the flow 
tubing. These results were discarded, but as this focal change 
happens at approximately the same time that the cell swells, it can 
be difficult to determine if this effect has occurred.

Inaccuracies in the measurement of volume and surface areas 
resulting from deficiencies in the algorithm for calculating them 
should have been systematic, and therefore not have a great effect 
on the results.

It is not believed that the measurement errors were large enough 
to explain the large residual spread of permeabilities.

It is possible that aquaporins situated in the basolateral part of 
the membrane, where the cell is attached to the glass, do not 
participate in the water flux, and thus produce fluorescence 
without contributing as much to the permeability as aquaporins in 
other parts of the membrane. We have done an analysis of this by 
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subtracting the base area of the cells from the surface area, and 
using this as the volume to area ratio. However, this did not 
improve the results.

Among the measured cells some were surrounded by other cells, 
some were isolated, and some had neighboring cells along some of 
their sides. This could possibly affect permeability. However, an 
estimate of the part of a cell that was surrounded by other cells was 
made, and did not correlate with the permeability.

There could be a saturation effect, where there is a maximum 
amount of aquaporins that the membrane can contain per area, 
and that additional proteins reside inside the cell without 
contributing to the membrane permeability. However, separating 
the cells with lower aquaporin density does not greatly reduce the 
standard deviation. Also, we do not see a saturation effect (see 
illustration 9 of the permeability vs. aquaporin density on page 37). 

Osmotically Active Fraction
The concept of an osmotically inactive fraction is used to explain 
the deviation between the measured volume decrease and the 
theoretically predicted volume decrease.

The osmotically inactive fraction would be a part of the cell that 
the calcein diffuses into, but that water does not flow into or out 
of, and therefore does not change volume. The author finds the 
existence of such a part of the cell as very unlikely.

One speculative alternative explanation could be if some of the 
calcein molecules bind to fixed parts of the cell, such as organelles 
or the cytoskeleton. As the water enters the swelling cell, these 
bound molecules would not be able to move, and therefore not be 
diluted as the freely dissolved calcein molecules. The result could 
be that instead of an even calcein concentration throughout the 
cell, the expanded parts of the cell would have a lower 
concentration of calcein molecules than the parts containing fixed 
structures with bound calcein molecules.
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