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Abstract

1 and 2 photon laser microscopy of dihydrorhodamine and dichloro-
dihydrofluorescein for localising reactive oxygen species in HepG2
cells.

V.Brand, T.Porwol, H.Acker

Within a physiological range reactive oxygen species play a crucia role in signal trans-
duction in the oxygen sensing pathway which is modulating genes like the erythropoetin
gene or the one for vascular endothelium growth factor at least in the used human hepa-
toma cell line HepG2. These cells are a very suitable tool to investigate oxygen sensing
mechanisms, as for example the inducible operation of the erythropoeitin 3' enhancer
which was found later in multiple cell lines giving evidence that there is a widespread con-
verging oxygen-mechanism on cellular and molecular level. (Maxwell et al. 1993)

Former experiments performed with conventional one photon excitation confocal |aser
scanning microscopy could not reveal if reactive oxygen species (ROS) were generated
only inside of mitochondria or in the cytoplasm as well. Conflicting results have been db-
tained concerning the cellular localisation as well as response to hypoxia of reactive oxy-
gen species ( ROS) in human hepatoma HepG2 cells ( Kietzmann 1998, 2000, Chandel et
al. 1998, 2000 ). Chandel et al. working with mitochondria-depleted r° cells, concluded
that ROS generation only can take place in mitochondria as cells lacking mitochondria
does not produce ROS at al. Kietzmann et a. concluded from their experiments with
HepG2cells and primary rat liver cells that reactive oxygen species are produced as well in
the cytoplasm. Contradictory results could also be obtained, because of use of different
fluorescent dyes to detect ROS. Therefore, we carried out a comparative study on dihy-
drorhodamine 123 ( DHR) and 2,7 dichlorodihydrofluorescin-diacetate (H,DCFDA )
stained HepG2 cells. HDCFDA after being cleaved by intracellular esterases to 2',7'-
dichlorofluorescein (H,DCF) and DHR are getting oxidised by ROS to fluorescent dyes
excited with 488nm for 1 photon and with 798 nm for 2 photon laser scanning microscopy
(CLSM ). Oxidation resulted most likely from hydroxyl radicals (OH ) generated in a
perinuclear (iron-dependent) Fenton reaction. For localisation of the Fenton reaction mito-
chondrial mass of HepG2 cells has been stained with MitoTracker RedCMX Ros( 10uM )



excited with 543,5 nm for 1 photon CLSM and 798 nm in two photon excitation laser scan
microscopy (TPE LSM). Furtherrmore cell nucleus was stained with DAPI ( 25uM ). After
about 20 minutes of staining cells have been washed and imaged by CLSM or TPE LSM.
Laser light used in one photon excitation induced ROS generation in such a manner that
the fluorescence of the applied dyes to detect ROS increased quickly just upon observation,
demonstrating that one photon excitation fluorescence CLSM is highly destructive, and not
suitable for measurement of those light-sensitive reactions. As the laser scans the speci-
men, the probe is selectively bleached in the X/Y plane and nonselectively bleached in the
Z plane. Therefore we implemented a new method for performing the experiments. two
photon excitation laser scanning microscopy. Because detailed knowledge of the two-
photon excitation spectra of molecular fluorophores is required for determining if the fluo-
rophores, used in conventional CLSM, are suitable for TPELSM, two photon excitation
and emission spectroscopic measurement were performed. As optical characteristics of the
new implemented microscope system, TPE laser scan microscopy were not known, ex-
perimental Point Spread functions (PSFs) in comparison to one photon excitation confocal
PSFs were measured. PSFs control the image formation in al coherent (and incoherent)
optical systems, therefore the obtained confocal data were deconvoluted with them for 3
dimensional reconstruction improving local resolution. Oxidised DHR, Rhodamine 123,
and oxidised H,DCF, DCF, could be colocalized with the mitochondrial mass as well with
a perinuclear, non mitochondrial compartment. DCF could be visualised predominantly
within the mitochondrial mass. About 30 minutes after staining oxidised DCF started to get
localised and accumulated within the cell nucleus. Obviously DHR as well as DCF are
getting oxidised at very distinct spots within the different cellular compartments. No dif-
ference in localisation could be detected between 1 and 2 photon laser microscopy. How-
ever 2 photon excitation resulted in a more pronounced emission intensity. We conclude
that HepG2 cells give comparable results only after short term staining with DHR or DCF.
Results obtained after 30 minutes or even longer give recordings which originate from dif-
ferent cellular compartments. The reported conflicting results in the literature might be

partly explainable by our findings.

Max-Planck-Institut fur molekulare Physiologie, Otto-Hahn-Strasse 11, D-44227 Dort-
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|  INTRODUCTION

1. The Oxygen Sensing Cascade and the Role of

Reactive Oxygen Species (ROYS)

Aerobic life uses oxygen to oxidise carbon and hydrogen rich substrates to obtain the
chemical energy and heat for life. Incomplete reduction of oxygen to water during normal
aerobic metabolism generates in partially reduced reactive oxygen intermediates named
reactive oxygen species (ROS), in particular singlet oxygen (*O,), superoxide anion radical
(05, hydrogen peroxide (H,O,) as well as the hydroxa radical (HO). By chemical re-
duction of oxygen, at the end of the mitochondrial electron transport chain, by cellular oxi-
dases, peroxidases, and mono- and dioxygenases or in a non-enzymatic manner (e.g. by
transition metals) ROS are generated that pose serious threat to all organisms, although
oxygen as afinal acceptor in the respiratory chain became an evolutionary advantage about
1 billion years ago. A part of the ROS are radicals and have the possibility to interact with
various tissue components which may lead to functional disturbances. Consequently, de-
velopment of cells in an oxygen-containing environment requires the presence of an oxy-
gen sensing and of a defence system against ROS. The latter system includes enzymes and
non-enzymatic antioxidants. Indeed, aerobic life is characterised by continuous formation
of ROS, aso called prooxidants, balanced by a similar rate of their consumption by anti-
oxidants. (Boss 1997) There is a constant battle to remain redox homeostasis between the
formation of ROS and its removal. A battle that becomes increasingly difficult to win
when cells are exposed to environmental oxidants that increase ROS production, such as
ultraviolett and ionising radiation, heavy metals, redox active chemicals, anoxia, hypoxia
and hyperoxia (Daton et a. 1999) If this homeostasis, the ratio of the prooxidant-
antioxidant is disturbed, with prooxidants dominating, this is called oxidative stress. Sub-
sequently proteins are oxidised, membranes are damaged and the DNA is mutated.



This classical view of oxygen toxicity, that oxidants are only destroying biological compo-
nents, has undergone a paradigm shift in which their role in the regulation of physiological
functions particularly signal transduction, is considered as well. Thisideais supported by a
number of observations that oxidants cause the stimulation and regulation of various signal
transduction processes, referred to as redox signalling, which can be blocked by antioxi-
dants.

To control the oxygen flux to the cells, mechanism were developed to measure the level of
oxygen availability in tissue and to form reactions that avoid any mismatch between oxy-
gen supply and oxygen demand that otherwise would result in hypoxia or hyperoxia with
subsequent tissue damage. This measuring procedure is called cellular oxygen sens-
ing.(Acker 1994)

1.1 Oxygen sensing

All aerobic organisms, bacteria, yeast, invertebrates or vertebrates, should have the capa-
bility to sense and respond to the availability of oxygen as cellular functions have to be
adapted, in multicellular organisms to optimise specific organ functions. In general, the
anoxic response (lack of oxygen) is cell survival or death, cells may adapt to hypoxia, but
are optimising their cell function under normoxia. Adaptation to hypoxia for example re-
quires a wide range at different organisational levels of the body. At the organism level,
e.g., the increase in aveolar ventilation involves the interaction of chemoreceptors, the
respiratory control centres in the medulla, the respiratory muscles, and lung/chest wall
systems. At tissue level, e.g., pulmonary vascular smooth muscle cells constrict (hypoxic
pulmonary vasoconstriction), increasing vascular resistance, thus diverting blood away
from the lung during in utero development and optimising the matching of blood flow to
alveolar ventilation after birth and during adulthood. Tissue-specific responses in depend-
ence of P(O,) frequency distribution occur, for example, in Glomus-like cell types present
in the carotid body, aortic bodies, neuroepithelial bodies, (known among others as periph-
eral chemoreceptors triggering ventilatory responses), in abdominal ganglia and pheo-
chromocytoma (PC-12) cells. At the cellular level, e.q., the release of neurotransmitters by

the glomus cells of the carotid body, secretion of the hormone erythropoetin by cells of the



kidney and liver, and the release of vascular growth factors by parenchymal cells in many
tissues can be seen. The initiation of the response to hypoxia requires subsequently the
existence of afundamental cellular O,-sensing mechanism that detects the fall in P(O;)and
initiates a signal transduction sequence that culminates in the activation of the particular
functional response.

Originally, in mammals oxygen sensing was only attributed to the specialised chemore-
ceptor cellsin the carotid and neuroepithelial bodies, but now it is assumed that all mam-
malian cells can sense changes in O, concentration within a measuring range and sensitiv-
ity of physiological tissue oxygen partial pressure Py with atypical mean value between
20 and 40 Torr (mmHg, 0 °C), respectively ~ 0 to 90 mmHg at a constant arterial PO, of ~
100 mmHg (= 13.3 kPa). (Acker 1994) Depending on their site at the arterial inflow or at
the venous end, cells differ in metabolic properties and thusin their enzymatic equi pment.
On molecular level, the universal response to reduced O, availability involves the expres-
sion of hypoxia-inducible factor 1 (HIF-1), cis element and trans-activating factor, i.e a
transcriptional activator of genes encoding for example the hormone erythropoetin (EPO)
(within the kidney and the liver),- EPO is a 34 kDa glycoprotein which stimulates erythro-
poiesis, i.e. red blood cell production-, and the vascular endothelial growth factor (VEGF)
that induces angiogenesis, both serving to increase O, delivery; furthermore glucose
transporters (GLUT1) and glycolytic enzymes, which facilitate ATP production in tissue
with low P(O,). Glucokinase (GK) gene expression activated by insulin is upregulated, the
one of Phosphoenolpyruvate carboxykinase (PCK), glucagon- dependent, is downregulated
under hypoxic conditions. Furthermore hypoxia induces the expression of mammalian
genes e.g. for Endothelin, Plateled derived growth factor b, Interleukin 1, Ornithine decar-
boxylase, Tyrosine hydroxylase (TH), and more glycolytic enzymes like Phosphofructoki -
nase, Aldolase A (ALDA), Glyceraldehyde-3-phosphate dehydrogenase, Phosphoglycer-
ate kinase, Enolase, Pyruvate kinase, Lactate dehydrogenase. (Fandrey 1995). Among oth-
ers Hemoxygenase 1, and inducible NO-synthase gene expression is a'so modulated by the
oxygen tension.

HIF-1 is a basic-loop-helix-loop-PAS heterodimer consisting of two subunits HIF-1a and
HIF-1b or ARNT (the vertebrate aryl hydrocarbon receptor nuclear translocator), member
of the PAS (Per, ARNT, Sim)domain superfamily. PAS domains can transduce signals by
means of the protein-protein interactions that they mediate. (Pellequer 1999) The PAS do-



main isextensively utilised for O, and redox sensing in Archea, Bacteria (e.g., FixL), and
Eucarya.

There are several hypothesis for oxygen sensing in discussion, in which oxygen interact
with an 0,- sensor activating signalling cascades. The regulator for this signal transmission
system should possess DNA- or RNA-binding ability to modulate gene activity. Oxygen or
its metabolites, the ROS, as second messenger might be involved along this signalling cas-
cade, which may include beside oxidation reactions and hydroxylation, phosphorylation or
other chemical modifications

Putative oxygen sensors involved in oxygen sensing are heme-proteins, the mitochondrial
respiratory chain, membrane ion channels, extracellular and or perhaps intracellular acidity
or the NAD(P)H oxidase. There is an integrative model for oxygen sensing for the carotid
body, but how oxygen is sensed primarily is not known. In every case, an O,- sensing sys-
tem has to control the short term reactions, within seconds or minutes, by modification of
channel or enzyme activities and the long-term adaptation of cellular functions via regul a-
tion of gene expression. (Chandel and Schumacker 2000, Kietzmann et al. 2000, Lahiri
2000)

1.2 Modelsfor Oxygen sensing

At least, four diverse models of primary oxygen sensors to mediate the transcriptional re-
sponse to hypoxia have been proposed so far with partially conflicting hypotheses.

In the first two models, an iron-containing unit in the form of either a heme group or an
iron/sulfur cluster isinvolved, that undergoes a change in activity during hypoxia that trig-
gersthe transcriptional response. The other two models involves the generation of ROS by
mitochondria (complex 111 and IV of the respiratory chain) or by a haem- and flavoprotein-
containing NAD(P)H-oxidase as a putative sensor involving a complicated signal cascade

including protein kinases. Figure 1_1 illustrates these four models.

FIG 1 _1Modesof O,-sensing (next page)
(Acker, Xue 1995; Chandel, Schumacker 2000; Porwol, Ehleben, Brand, Acker 2001, Semenza 1999)
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1.2.1 TheHeme-Protein Hypothesis

In the first, the smplest model, the sensor which is a heme protein binds O, directly. When
the O, concentration decreases, the fraction of sensor molecules containing bound ligand
declines. In absence of bound ligand kinase activity is permitted (“on” state), in its pres-
ence the heme domain turns off kinase activity (“off” state) (Gong 1998) (Figure 1_1A)
Such a two-component signalling system is found in the bacterium Rhizobium meliloti.
FixL, a hemoprotein histidinkinase is active in the deoxy state, catalysing its own auto-
phosphorylation and the transphosphorylation of FixJ, atranscription factor. In Vitreoscilla
a dimeric hemoprotein composed of two single heme domain polypeptides (VGB) was
found in the cytosol, when overexpressed also in the periplasmatic space. In mammalian
cells a simple ligand model has not be proven experimentally, but it is possible that O,

sensing involves molecular interactions with one or more hemoproteins. (see below)

1.2.2 TheNon Heme Iron binding Protein Hypothesis

Iron-sulfur clusters represent another intracellular target for O, (Figure 1_1B). Iron regu-
latory protein 1 is degraded via iron-sulfur cluster formation in the presence of O.. It was
suggested that HIF-1 contained non- heme iron, but results supporting this hypothesis could

not be reproduced. The second messenger mechanism could be de/phosphorylation.

1.2.3 Mitochondrial Hypothesis of O,-sensing with mitochondria derived ROS

changing gene expression

In an aternative model, the mitochondrial electron transport chain (ETC) complex Il or
IV plays an important role in oxygen sensing.

The mitochondria electron transport chain of all aerobic organisms reduces oxygen to
water by a 4-electron transfer by cytochrome ¢ oxidase. The electrons are received from

NADH or from flavoprotein-linked dehydrogenases and reduction takes place after a series



of site-specific electron transfers through inner mitochondrial membrane components of
the electron transport chain that have sequentially more positive reduction potentials. An
estimated 1-4% of the total oxygen consumed during electron transport, however, is re-
duced not to water by cytochrome ¢ oxidase but rather to superoxide by the iron-sulfur
proteins and by the coenzyme Q semiquinone in the proton-motive Q-cycle. (Figure 1 1C
left). Playing a dual role, reduced coenzyme Q prefers to scavenge reactive oxygen,
whereas a high rate of oxygen utilisation, coupled with a more-oxidised coenzyme Q state,
will promote higher rates of mitochondrial superoxide formation, like does energy uncou-
pling of mitochondria by Ca?* (if the cytosolic level of Ca®* is high) and by opening of the
mitochondrial permeability transition pore(MPTP) affected by the redox state of thiols and
pyridine nucleotides.(Dalton et al. 1999)

The model proposes that under hypoxic conditions the reduction of O, is inhibited, result-
ing in the release of electrons upstream at complex 111 and generation of O,” (Figure 1_1C)
This model is supported by the fact that inhibition of complex | by Diphenyliodonium
(DPI), which is dso an NADPH oxidase inhibitor, or rotenone attenuates the superoxide
anion formation, thus inhibiting the induction of HIF-1 and downstream genes in response
to hypoxia. This is contradictory to the last model (see below), but it could be that the
regulation is more complex. In r ° cells, which lack mitochondrial DNA and ETC activity,
generated by incubating wild-type cells (e.g. HepB3) in medium containing ethidium bro-
mide(25 ng/ml), sodium pyruvate (ImM), and uridine (50 pug/ml), hypoxia does not induce
ROS production or the expression of HIF-1 or downstream genes. Chandel et al. (2000)
conclude therefore that mitochondria-derived ROS are both required and sufficient to initi-
ate HIF-1a stabilisation during hypoxia. At least respiring mitochondria are required for
the trancriptional response to hypoxia.. Additionally they found that wild-type Hep3B cells
increase ROS generation during hypoxia (1.5 % O,) or CoCl, incubation, which seems to
mimick hypoxic conditions via a nonmitochondrial mechanism, m-RNA of erythropoetine
gene could not be found in r ° cells during hypoxia, however under CoCl, treatment HIF-1
and m-RNA of erythropoetine gene was also found. HIF-1 can be stabilised under hypoxia
by a proteasome inhibitor, lactacystin, EPO mRNA expression is not activated. Experi-
ments in which different H,O, concentrations were added to wild-type cells showed indeed
an stabilisation of HIF-1a at a concentration not too high. It is possible, that an ROS con-
centration dependent scavenging system exists as higher concentrations of H,O, failed to

stabilise HIF-1a; and the regulation is influenced by mitochondrial-nuclear-cross-talk and
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downregulation of cytochrome oxidase genes, as the V. 0f cytochrome oxidase decreases

by » 50% during hypoxiain hepatocytes.

1.24 TheNAD(P)H Oxidase Hypothesis

Already on the level of bacteria, in E. coli, aNAD(P)H oxidase, a monomeric flavohemo-
protein with a single heme binding domain and a single flavin binding domain was found
and had been proposed as oxygen sensor (HMP). It islocated primarly in the cytosol, when
overexpressed also in the periplasmatic space. In HMP the function of the flavin is to trans-
fer electrons from NAD(P)H to the heme moiety, maintaining it in the Fe** state required
for oxygen binding. Bound molecular oxygen will either be reduced to water (by protona-
tion) or to superoxide anion O,". (Bunn 1996)
Contradictory to the latter model C, Fandrey et al. (1994) found that extracellular oxygen
is directly related to the production of ROS triggering Epo production in HepG2 cells,
which can be induced 50-100 fold in hypoxic human hepatoma cells. In HelL.a and Hep3B
cells for the Epo gene, and in endothelial cells for the VEGF gene, it was shown that the
alpha-subunit of HIF-1 is congtitutively degraded by hydoxyl radicals (OH) , whereas
stimulation of the cells by hypoxia leads to lower intracellular ROS concentrations and
subsequently to the formation of an active heterodimeric complex of the alpha- and beta-
subunit responsible for upregulation of the Epo gene, indicating a more general mecha-
nism. (Cool et a. 1998 and references therein, Shweiki et al. 1992, Huang et al. 1996).
The proposed model represented in Figure 1 1 D is that in oxygenated cells a flavo-heme
protein, consisting of two subunits: gp91 containing FAD, and p22 including a heme pro-
tein, in the plasma membrane functions as a cytochrome b-like NAD(P)H oxidase (dehy-
drogenase). O, is bound by a heme-binding component of cytochrome bssg, that transfers
electrons to molecular oxygen, generating superoxide anions (O,). The electrons are de-
livered by a membran-bound flavin dehydrogenase complex. O, is dismutated to hydrogen
peroxide (H,O,) as a second messenger catalysed by superoxide dismutase (SOD). H,O,,
being a non-charged molecule which can cross membranes and participating in one-
electron transfer reactions, is an ideal candidate as a second messenger for O,. Further re-
duction of hydrogen peroxide requires a reductive cleavage of the bond between the oxy-
gen atoms, a reaction catalysed by transition metals, e.g. iron in a Fenton type reaction, a
8



one-electron process. A Fenton reaction involves several steps with well characterised ki-
netics. One important intermediate is the hydroxyl radical "OH, which has been detected by
several spectroscopic methods (Walling 1975) and the hydroxyl anion arises as well.

Fe(ll) + H,O, -> Fe(ll1) + 'OH + OH™ (Fenton reaction)

The reduction of atransition metal (M) by hydrogen peroxide will lead to the hydroperoxyl

radica HO,

M(I1I) + H,O, -> M(I1) + 'OOH + H*

Since H,0; itself is arelatively inert reaction partner, its degradation products are of great
importance. ‘OH reacts with practically every organic molecule in its immediate environ-

ment very fast, by abstracting hydrogen or adding double bonds, initiating (autooxidation)

chain reactions that its radius of diffusion in cells is expected to be only a few angstroms.

Although it might do considerable local damage, 'OH isill-equipped to be selective, target-

specific ROS, whereas hydrogen peroxide qualifies well as an ROS and a potential signal-

ling molecule.

As desferrioxamine (DFO), an iron chelator, antagonises H,O, mediated effects, the Fen-

ton reaction is probably involved in the signal transduction pathway.

There are at least two targets of these ROS as second messengers. On the one hand as a
result at high oxygen tension HIF-1a is oxidatively modified, ubiquitinated, recognised by
the proteasome, and rapidly degraded, on the other hand (left) the conductance of “ O
sensitive K+ channels” may be changed (right).

HIF-1a is only stable at low oxygen tension and can thus form a heterodimer with consti-

tutively expressed HIF1-b. This activated heterodimer HIF-1 trandocates to the nucleus
and binds to response elements in hypoxia inducible genes. H,O, is scavenged through
catalase or by gluthathione peroxidase. The first scavenging mechanism leads to the for-
mation of a heme- containing catalase compound | with guanylate cyclase by interaction of
two heme groups, enhancing the guanosine3’,5' -cyclic monophosphate (cGMP) level. This
results in an P(O,)-dependent cell cGMP level activating different cytosolic activator pro-
teins. In carotid body the cGMP level decreases under hypoxia, influencing the ion channel

activity, increasing carotid body chemoreceptor discharge, when arterial P(O,) falls from
100 to ~ 30 Torr (mmHg, 0 °C) (13.332 to ~ 4.000 kPa), corresponding to a decrease of the
microvascular P(O,) from 50 to ~ 10 Torr. (6.666 to ~ 1.333 kPa).



Direct spectral analysis of cellsin which oxygen sensing plays acritical role (Acker 1995),
gave support to a central role of a NAD(P)H oxidase as an oxygen sensor in mammalian
cells. Deconvoluted difference spectra in the visible range in the presence and absence of
inhibitors of respiratory cytochromes in both type | carotid body (Cross et a. 1990) and
HepG2 cells (Gorlach et a.1993, Ehleben et a. 1998, Porwol et a. 2001) revealed among
others, absorbance maximum at 558 nm, hinting the presence of a b-like cytochrome,
which represented estimated about 6 % of the total cytochrome b in the cell, appears to
bind oxygen with a relative low affinity and also CO. This non-respiratory cytochrome
bssg, IS very similar to the cytochrome bsgg found in the NADPH-oxidase complex of
phagocytes such as neutrophiles and macrophages shown in Figure 1_2 which include a
low (mid-point) potential flavocytochrome bssg, consisting of a heme-containing 22kDa a -
subunit (p22,n0x) (Phox for phagocyte oxidase factor), and a 91 kDa b-subunit (9p91,h0x),
residing in the plasma membrane of neutrophils and in membranes of neutrophil-specific
granules, and two additional cytosolic cofactors p47nex P67gnox Shown in Figure 1_2. Cy-
tochrome bssg functions probably as the final electron transporter from NADPH to mo-
lecular oxygen. Superoxide production is activated by p21', a small GTP triphosphatase
protein of the Ras/Rho family of proteins (Goldschmidt-Clermont et al. 1999), which in-
volves the dissociation of p21™® from its inhibitory GDP/GTP exchange protein (rhoGDI)
followed by its transition to the plasma membrane (Abo 1994). These four subunits could
also be detected probably as non-phagocytic isoforms by immunohistochemistry, molecu-
lar biology, (Western blot analysis - Gorlach et al. 1993) in oxygen-sensing cells, e.g.
HepG2 cells, neuroepithelial bodies of the lung, smooth muscle cells of the pulmonary
vasculature and type | cells of the carotid body. Therefore Kietzmann, Fandrey and Acker
(2000) suggest that an oxygen sensor could be an NADPH-oxidase isoenzyme, a “low-
output oxidase” that is closely related, but clearly distinct from the “high-output oxidase”
in neutrophils, thus a metabolite of O, may be sensed, although an oxidase — mitochondrial
or cytocolic- has not yet been identified (Ushio-Fukai 1996. Acker, Xue 1995) However, in
B- cell lines deficient in gp91,n0x and p22,0x the VEGF and aldolase mRNA response to
hypoxia or CoCl2 were preserved. This could be due to polymorphism or different regul a-
tory mechanisms or expression levels or even isoforms of the other components may cause
deviating activities of the oxidase complexes of phagocytic and non-phagocytic origin.
(Cool et a. 1998). In HepG2 cells this NADPH - oxidase reacts very sensitive to low con-
centrations of NAD(P)H and reaches about 60 nM Oy 10° cells, only 5% of the maximal
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output of oxygen of neutrophils during respiratory burst by extracellular application of
NAD(P)H. (Ehleben et al.1998, Acker 1994)
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FIG 1_2 Schematic representation of structural features of the activation of NADPH oxidase. The cyto-
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chromebssg is an integral membrane protein with two subunits, gp9,n.« (9P91) and p21 respectively P22,
(p21). Theglycosylation site of the cytochrome is on the exterior, and the FAD and NADPH binding sites are
on theinterior of the plasma membrane. On activation, cytosolic constituents P47y (P47), P67pnox and Rac2
(p21®) are trang ocated to the plasma membrane where they bind to the cytochrome and initiate O, synthe-
sis. Activation requires dissociation of a GTP dissociation inhibitor (GDI) from Rac2 (for HepG2 Racl)
followed by exchange of GDP for GTP. This exchange may be protein stimulated. Oxidase acitvation also
involves phosphorylation of at least one of thecytoplasmatic subunits, p47 . |soprenylation of the Rac
protein (represented in this figure by a zigzag) is hecessary for oxidase activity and may function asamem-
brane anchor that hel ps stabilise the assembled oxidase complex. Hydrolysis of GTP bound to Rac leads to
inactivation and dissociation of the oxidase complex. Regulation of GTPase activity of Rac may be akey
factor in the regulation of NADPH oxidase assembly. (Bastian and Hibbs1994)

Treatment with cyanide, a ETC poisoner, demonstrated that this non- mitochondrial cyto-
chrome bsgg, but also mitochondrial cytochrome bsg; were cyanide-insensitive and hy-
poxia-affected. Cytochrome ¢ unresponsive to hypoxia was reduced by cyanide. Different
reduction characteristics by cyanide and oxygen deprivation did not give a clear result for
cytochrom aaz as oxygen sensor. Cobalt treatment of HepG2 cells, however, abolished
only the response of b-like cytochromesto hypoxia, whereas the redox state of mitochon-
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drial cytochromes ¢ and aa; were unaffected. As both b-type cytochromes (mitochondrial
and non-mitochonrial) correlate with enhanced gene expression under hypoxia, there are
both candidates for an oxygen sensing protein.

Another evidence which is taken for that the mechanism of oxygen sensing most probably
involves the operation of a flavoprotein oxidoreductase is that the known NADPH (flavin)
oxidase inhibitor diphenyleiodonium (DPI) inhibited the hypoxia-dependent expression of
VEGF, lactate dehydrogenase A (LDHA), glucose transporter 1 (GLUT1), and the nor-
moxia-dependent placental growth factor (PLGF) gene. However these results are prob-
lematic concerning the production of ROS. However, coincubation with cobalt or desferri-
oxamine still activated the hypoxic signalling pathway probably at a site downstream from
action of Diphenylene iodonium (Ph,l™) In carotid and neuroepithelial bodies DPI stimu-
lated depolarisation. supporting the NAD(P)H model, (this could either be due to an infl u-
ence on the channel activity by DPI). (Gleadle et al. 1995) Studies of oxygen-regulated
erythropoetin gene expression in the human hepatoma cell lines HepG2 and Hep3B
showed that EPO gene expression is stimulated by particular transition metals such as co-
baltous ion (CoCl2)or nickel ion (NiCl2) as does hypoxia. (Porwol et a. 1998). Cobalt
chloride (CoCl,) even could antagonise by coincubation with NADPH, NADH and pyro-
galol, their O, liberating effects. (Fandrey et al 1997) CoCl, causes changes in the spectra
of HepG2 spheroids at a wavelength around 558 nm (the region of the b-cytochrome),
probably interacting with the NADPH-oxidase. Cobalt chloride oxidises nonrespiratory as
well as respiratory heme proteins, and increases oxygen consumption whereas the nickel
ion does the contrary, reducing respiratory hemeproteins and decreasing the oxygen con-
sumption. CoCl, appears to effect the cellular redox state at multiple sites, especidly it
interacts with the P,so System, another member of the cytochrome b family. The activity of
gluthation peroxidase (GPO), which is an important intracellular scavenger of H,0O,, is also
stimulated by cobalt chloride. Figure 1_1 D (left) illustrates this change in the quotient of
reduced versus oxidised glutathione (2 GSH/GSSG). Glutathione peroxidase by scaveng
ing H,0,is lowering the ratio 2GSH/GSSG. Higher level of GSH due to lower H,O, under
hypoxia could lead to closing of GSH-sensitive potassium channels. Type | cells of the
carotid body show reduced K *-channel activity when the pressure of O, in the surrounding
medium is decreased. The lower the quotient because of peroxidase activity the higher the

K*-efflux, (Model of redox dependent inactivation of potassium channel as effector of the
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vasoconstriction response: and transcription factors like HIF for hypoxia-inducible gene
expression, like GK (insulin-dependent) or EPO, will bind (with reduced thiol groups) to
Hypoxia Responsible Elements (HRE). Under high oxygen tension, produced hydroxyl
radicals can oxidise the SH groups of the certain cytosolic transcription factors, thus shift-
ing the balance between reduced and oxidised forms to a more oxidised state. TF then bind
to Normoxia Response Element, like for PCK gene (glucagon-dependent). Under high
H,O.-levels, H,0O, is scavenged by catalase and a hem containing catalase-compound |
complex may be formed which activates the hem containing guanylate cyclase, the 3',5'-
cyclic guanosin monophosphate (CGMP) level becomes enhanced, which modulates the
membrane ion channel activity/conductivity and/or leads to an activation of different cyto-
solic activator proteins for the NAD(P)H oxidase. The NAD(P)H oxidase with cytochrome
bssg then generates ROS. (Acker 1994, Acker and Xue 1995, Chandel et al 1998 and 2000,
Dagsgaard et al. 2001, Ehleben et al. 1997 and 1998, Fandrey et. al 1997, Gorlach et al.
1993 and 1994, Kietzmann et a. 1998 and 2000, Porwol et al. 1998, Semenza 1999, Zhu
1999 and references therein)

1.3 Reactive oxygen species as cellular messengersin signal transduction

ROS are any species (in a broader sense also compounds with hydrogen, chlorine and n-
trogen) in different states of oxido-reduction and electronic excitation more reactive than
the ground state oxygen molecule which is in arelatively inert triplet state 0, as the two
unpaired of its twelve electrons have parallel spins, and occupy spaces in the highest n-
filled orbital at opposite ends of the molecule, creating two free radical centers. Therefore
Oxygen isadiradical, and paramagnetic. %0, is the most stable configuration of the mole-
cule, because only spin-allowed reactions with other paramagnetic ions or molecules easily
take place, i.e. binding of oxygen to ferrous ion of hemoglobin or reaction with free radi-
calsin lipid peroxidation.

All ROS interconvert freely, therefore the detection of one single species is difficult, d-
though the species have very different properties and reactivities. To have an effect, an
ROS must have both a high reactivity towards a specific target and a chance to reach it.

This often requires a compromise between reactivity and diffusion distance, influencing
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the biological function. Partially reduction in one-electron steps, by addition of one, two,
and four electrons to O, ‘activates oxygen and it reacts readily with a variety of sub-
stances. The scheme of these reduction stepsis

e- e- e- e-
0,® 0, ® 0,°® O® O*

- “H 2H H 2H

0, HO, H,0, OH H,0O

+

Possible species are: singlet oxygen *O,, the the superoxide anion radical O, ", (or used as a
synonym the superoxide anion O,), hydroperoxyl radical HO,', peroxide ion HO, (the
basic form of hydrogen peroxide), hydrogen peroxide H,O,, and the hydroxyl radical "OH.

Under physiologic conditions reactive oxygen species (ROS) generate delicate, transient
changes in the cellular redox state. Thus they can serve as physiological second messen-
gers for receptor-mediated cell signalling, in the course of which ligand-receptor interac-
tions produce reactive oxygen species, which in turn, elicit signalling by targeting some
signal transduction component molecules. Often Ca ?* -signalling is stimulated. As mito-
chondria represent a quantitatively important pool for internal Ca %, they could be a ne-
diator of signal transduction mimicry by oxidants. (Suzuki et al.1997), but the increase in
intracellular calcium in carotid body type | cells under hypoxia is obviously mediated by a
calcium influx through voltage-dependent cal cium channels. (Acker, Xue 1995)

The majority of reactive oxygen species action can be divided among five overlapping
categories: 1) cytokine, growth factor, and hormone action and secretion; 2) ion transport;
3) transcription; 4) neuromodulation (only demonstrated for reactive nitrogen species
(RNYS) so far; and 5) apoptosis. A fully understood signal transduction pathway requires
identification of the proteins involved in the generation of signalling molecules, the pro-
teins activated or inhibited, the molecular basis of the triggering event, and the downstream
physiological response. Often some parts are missing, e.g. the source or immediate target
of these species. Therefore, many of the studies are somewhat descriptive. In generd, the
regulation of these pathways is achieved at three levels: 1) generation of the reactive spe-
cies, 2) target susceptibility; and 3) scavenger activity. (Lander 1997)

ROS formed in the mitochondria and in the cytosol are important determinants of the redox

state of protein cysteinyl residues. Therefore, they constitute a common regulatory mecha-
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nism of protein conformation and function. ROS-dependent redox cycling of cysteinyl thi-
olsiscritical for the establishment of the protein-protein and protein-DNA interactions that
determine many aspects of a signal transduction pathway. Gluthatione (GSH) is the key
regulator of the redox state of protein cysteinyl thiols. These thiols react with GSSG if their
pK, value is low enough to generate a reduction potential greater than that of glutathione
thiolate anion. Reactivity will tend to increase if electron withdrawing substituents, such as
those in basic amino acids, are in close vicinity to a cysteinyl residue, because they will
tend to decrease its pK,. The intracellular levels of GSSG increase from metabolism of
H,O, by gluthathione peroxidase and decline from export of GSSG from the cell and from
gluthathione reductase — and NADPH-mediated reconversion of GSSG to GSH. (Dalton et
al. 1999 and references therein) It was even suggested that ROS, that are toxic in high
doses being beneficial or even indispensable at low concentration, contribute to a continu-
ous ‘life-signal’ which may be necessary to keep cells alive and released superoxide, O,
and hydrogen peroxide, H,O,, may participate. Already in 1989 it was hypothesised that
superoxide could act as a biological ‘messenger’ rather than a mediator of cellular damage.
In biological milieu superoxide has an estimated half-life of 400-10° ns and a diffusion
pathway of 55 nm -3 um. (Burdon 1995)

1.4 Detection of ROS

The last two conflicting models for oxygen sensing makes clear that measuring ROS lev-
els as a function of O, concentration is not sufficient. Direct measurement of ROS, how-
ever, are technically difficult to perform. Experiments with different probes becoming
fluorescent upon oxidation by ROS (dihydrorhodamine 123, dichlorofluorescin diacetate)
have yielded to data supporting one or the other of the latter two models. Perhaps different
probes are detecting different oxidants generated in response to hypoxia and are not precise
enough for specific ROS. Another possibility is that different O, — sensing mechanisms in
different cell types or even within a single cell exist as conflicting results have been do-
tained using the same cell line. (Chandel et al 1998, 2000, Dagsgaard et a. 2001, Ehleben
et al. 1998, Semenza 1999)
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2. Confocal Fluorescence Laser Scanning Microscopy (CF LSM)

Webb (1999) remarked that a confocal microscope is most valuable in seeing clear images
inside thick samples more than can do a conventional wide-field epifluorescence micro-
scope. This chapter will line out the principles of confocol fluorescence laser scan micros-
copy with one and the next chapter with two photon excitation, point out its possibilities
and limitations. In biology, fluorescence imaging in general has become increasingly im-
portant because biological activity can be traced by the fluorescence of markers associated
with particular atomic or molecular species as they move through the cell. If fluorescence
markers have different emission spectra, they can be detected separately with the choice of
appropriate emission filters.

In 1957, Minsky invented the first confocal scanning microscope. The image quality in
Minskys microscope was not very impressive because of the quality of the oscilloscope
display and not because of lack of resolution achieved by the microscope itself. Minsky
named the ‘confocal’ configuration the ‘double-focusing stage-scanning microscope’ as a
point illumination and a point detector are used together. (Minsky 1988) He was aware of
its unique optical sectioning capability as light originating from out-of-focus points is &-
fectively suppressed.

The basis of a confocal laser scan microscope is a conventional microscope with optimised
mechanics. Two techniques are combined with conventional light microscopy (lateral opti-
cal resolution about 300 nm, vertical does not exist, only 2-D imaging), which lead to a
better resolution (lateral about 200 nm, vertical (axial) about 500 nm, 3-D imaging). Oneis

the confocal principle, the other the application of laser light as light source.

2.1 Theconfocal principle

In summary, the basic requirements for a CLSM are point illumination, point detection, a
scanned image, and a confocal lens system.

The conventional microscope is characterised by the parallel imaging of all image points.
Therefore the collected light of the in-focus image of one plane within the thick sample
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and all of the out-focus images of other planes will be recorded, whereas optical scanning
microscopes image the object points as pixels one after another. Hence the sample or illu-
mination beam need to be raster scanned, thereby light originating from out-of-focus points
is effectively suppressed, and a very thin dlice of the object can be imaged. Like this thick
objects can be imaged in three dimensions. The sectioning capability, which means, that
defocusing objects does not create blurring, but gradually cuts out parts of the object as
they move away from the foca plane, is achieved by using a small pinhole detector. The
parts become darker, as the light intensity is highest in the focal plane, and eventualy dis-
appear in practical consequence. Figure 2_1 illustrates the basic principle of confocal laser
scan microscope. A collimated beam from a laser is focused onto a pinhole. Laser light,
passing through the pinhole with a wavelength (between 400 and 1100 nm) is turned via a
x-y deflection mechanism into a scanning beam, focused by a microscope objective lens
and forms a diffraction-limited spot (< 1 um in diameter) on the specimen. A beamsplitter
then deflects the reflected/emitted beam to a separate detector pinhole, thereby deviating
the reflected light. The use of two pinholes eliminates the reflected light from the dia-

phragm surrounding the illumination pinhole.

Cordoeal
P intia s

= e N — = =nolin Focal Flane

Fig 2_1 The basic principle of a confocal microscope (www.confocal-
systems.de/confocal _basics/content.html)

Since only one point is illuminated at a time, speckle is eliminated. Speckle appears in co-
herently illuminated imaging system because of sidelobes that add in or out of phase at the
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detector due to reflection from different points of an optically rough surface [rough on the
scale of the light wavelength].

All structures out of focus are suppressed at image formation by an arrangements of dia-
phragms which, at optically conjugated points of the path of rays, act as a point source and
as a point detector respectively. Therefore the microscope is ‘confoca’ as the objective
lens is used twice, both to illuminate and to image the sample. The focal point for the illu-
mination and the detection beam are the same. If the sample moves out of the focus of the
lens, the light reaching the detector pinhole is defocused at the pinhole and hence does not
pass through it to a detector located behind. Consequently, the light intensity received by a
detector behind the pinhole decreases rapidly with the defocus distance, and the image dis-
appears. The small dimension of the illuminating light spot in the focal plane minimises
stray light. Out-of-focus rays do not reach the detector because of the detection pinhole.
The smaller the detection pinhole is, the better is the optical sectioning of the object. Thus
without cutting the object, images of cellular structures in various depths can be collected
in their natural state. Scanning the object in x/y — direction and in z-direction (along the
optical axis) allows viewing the object from all sides. By image processing, many slices
can be superimposed, giving an extended focus image. This can only be achieved in con-
ventional microscopy by reduction of the numerical aperture of the objective, sacrificing
resolution. The numerical aperture of the objective used, beside the wavelength of light
and the diameter of the diaphragm, determines the depth of the focal plane. The confocal
effect can be reduced at a wider detection pinhole. For a full image, the image point is
moved across the specimen by mirror scanners. The emitted light passing through the de-
tector pinhole is transformed into electrical signals by photomultiplier tubes (PMTs) and
displayed on a computer monitor screen. A PMT is a secondary electrons multiplier. Dur-
ing absorption in a photocathode emitted electrons (‘ photoelectrons') will generate secon-
dary electrons in an anode. Severa of these complementary electrode pairs are put D-
gether to amplify the signal of photonic current.

2.2 Information flow in a Confocal Laser Scanning Microscope

Figure 2_2 showsthe information flow in a generic CLSM.
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FIG2_2 Information flow in a generic CLSM (Paddock 1999)

The focal point of the laser will be line scanned in a plane (X, y) perpendicular to the opt-
cal (z-) axis. Optical cuts through transparent biological objects can be performed by
moving the specimen, the objective or the laser beam in direction of the z-axis. The analog
signals (A) are converted into a digital number (D) by an Analog to Digital converter
(A/D) (frame grabber/store) and passed to the computer system. The obtained volume data

files represent the micromorphology of the objectsin the three directions of space.

In confocal fluorescence microscopy the choice of appropriate emission (barrier) filters for
detection of the electromagnetic radiation of fluorescence markers for different cell com-
partments with different emission spectra leads to a spatial separation of different cellular

structures.

In our case the photo multiplier tubes was a separated unit from the scan head connected
by glass fibres to the scan head on the one side and to the nearby computer (primary elec-

tronics) on the other side. Thus the electronic noise is reduced (accumulating when the
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signa is transmitted over a long wire) and the weight and size of the scan head as well.
However, the light efficiency is lower compared to an on-board photomultiplier tubes
(PMT’s) due to light losses when coupling into and out of the second set of fibres. (Corle
1999)

This procedure of generation optical slices through biological objects is involved with
some problems and limitations.

2.3 Limitations of one photon excitation fluor escence CL SM

Beside the exact focal intensity distribution, the confocal imaging process may also be very
strongly influenced by the object itself, e.g. absorption and scattering of both the excitation
and the fluorescence light may cause points deep within in the object to appear relatively
dark. (Visser 1992) That drop-off of visibility limits the sample thickness to about 50 um
in many cases, athough there are many instances of looking 0.5 mm into tissue. (Webb
1999)

Asthe time for obtaining al volume data filesis high — in the range of 1 min to 6 min —the
influence of the measuring system has an great impact on the observed data. A good signal
to noise ratio is only obtained with high laser output power, but the light induces photo-
bleaching of the fluorophores, in relation to the detected photons more than in conventional
fluorescence microscopy as the whole object is illuminated within the double cone, how-
ever, only the emission of the focus plane is detected. The pinhole aperture may cause

chromatic aberrations. These problems can be solved by two photon excitation micros-

copy.

(www.confocal -systems.de/confocal_basics, Corle 1996, Paddock 1999, Visser 1992,
Webb 1999)
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3. Two-photon excitation fluor escence spectroscopy and L SM

In two-photon excitation spectroscopy or fluorescence laser scan microscopy two photons
are absorbed by one atom or molecule. Although the excitation efficiency is much lower
than that of a single photon with about half the wavelength, this has several advantages for
microscopy, e.g. because of the longer wavelength the excitation signal can penetrate the
object deeper while at the same time it causes |less bleaching damage. The images show the
distribution of fluorescent material which is sensitive to half the wavelength of the illumi-
nation. Therefore two-photon excitation, unlike conventional or one-photon excitation,
allows us to achieve fluorescence at a wavelength shorter than the excitation wavelength
by alarge anti-Stokes™ shift.

In 1931 Maria GOppert-Mayer first predicted in her dissertation that a chromophore may
be excited with two photons simultaneously by absorbing them in the very same quantum
event. (Goppert-Mayer 1931) At the beginning of the 90°s, Denk et al. first succeeded in
applying this phenomenon to fluorescence laser scanning microscopy exploiting its intrin
sic confocal properties (Denk, Strickler, Webb 1990) The terminology of two-photon ex-
citation (TPE) is used, in particular in those applications related to fluorescence micros-

copy and spectroscopy. (seereferencesin Diaspro 1999)

3.1 Two photon absor ption/excitation and emission fluor escence spec-

tr oscopy

Two-photon absorption is allowed dependent on both the properties of the molecule, the
laser polarisation, energy and transverse mode structure used to generate a ‘ simultaneous’
two-photon transition in the molecule. (Birge 1986) The condition to obtain this effect is
that the summation of energies of the two photons is close to the transition energy.
(Delysse et a. 1997) That the electron has reached the higher electronically excited state is
detected by the consequential and spontaneous emission of another photon, the induced
fluorescence. In fluorescence a basic parameter is the fluorescence excitation cross section.
Although for a one-photon absorption (OPA) a wide range of molecule spectra are well
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documented little is known of two- or three-photon absorption (TPA/ThPA) spectra of
biological useful fluorophores. Furthermore, because of differences in selection rules for
one-photon excitation (OPE) and two photon excitation (TPE) and the effects of vibronic
coupling, it is difficult to predict from one-photon data multiphoton, especially two- pho-
ton excitation spectra. Three photon excitation spectra parallel the corresponding one-
photon excitation spectra because the same initial excited states can be reached without
violating any selection rules. (Xu et al.1996) In OPA only ‘dipole-allowed’ transitions can
be excited, whereas ‘ dipole-forbidden’ transitions usually do not appear. (Dick 1981)

For an allowed transition , the excitation must be both symmetry and spin allowed. (Drake
1994) One and two photon selection rules are not only determined by spatial symmetry
(‘gerade’ <-> ‘ungerade’ transitions are one-photon alowed and two-photon forbidden,
both ‘gerade’ <-> ‘gerade’ and ‘ungerade’ <-> ‘ungerade’ transitions are one-photon for-
bidden and two-photon allowed), but by alternancy symmetry (‘minus <-> ‘plus’ transi-
tions are one-photon alowed and two-photon forbidden, both ‘minus <-> ‘minus and
‘plus’ <-> ‘plus’ transitions are one-photon forbidden and two-photon allowed) as well.
(Masthay 1988: 11; Schmidt 2000) In aternant and ‘quasi-alternant’ hydrocarbons with p-
systems, e.g in porphyrins, the effects of alternancy symmetry on the excited singlet state
wavefunctions were discussed by Masthay. The fluorescent dyes Rhodamine 123 and Di-
chlorofluorescein may also be counted to the ‘quasi-aternant’ p- systems, with structural
similarities to the examined molecule. In his dissertation ‘molecular orbital and two-
photon spectroscopic studies of conjugated p-systems’ Masthay demonstrated the charac-
teristics of plus and minus states, which are well-established at the valence bond level of
approximation, in which electrons are localised on individual atomic centres: The ‘plus
wavefunctions are ‘uncorrelated’ (i.e., more than one electron allowed to occupy a given
region of space) and consist primarly of ‘ionic’ (more than one electron per atomic center)
valence bond (VB) structures and are one-photon allowed. The ‘minus wavefunctions are
‘correlated’ (i.e. only one single electron allowed to occupy a given region of space) and
consist primarily of ‘covalent’ (one single electron per atomic centre) VB structures and
are one photon forbidden. (Masthay 1988: 7 and Chapter 4) Mastay remarks that the utility
of two-photon spectroscopy is rooted in the effects of alternancy symmetry as ‘ covalent’
two-photon alowed stated tend to be preferentialy lowered in energy with respect to

‘ionic’ one-photon allowed states. He suggests when two photon spectroscopy is used in
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conjunction with one-photon absorption spectroscopy, may determine the electronic level

ordering of low-lying singlet statesin p-conjugated systems (Mastay 1988:3)

3.2 Principle of two photon excitation

In one-photon fluorescence excitation, a single photon has sufficient energy to excite the
fluorescence molecule from the ground state to an excited state in our case and often for n
(non-binding, singulett character), to p* (anti-binding),or for pto p*- transitions of mole-
cule orbitals (Barrow 1982, Schmidt 2000)) The excited molecule then relaxes to a state
from which it decays back to the ground state with the emission of a longer wavelength
photon. Thisis called the Stokes™ shift ranging from 50 to 200 nm nanometers for typical
fluorescent probes in use in fluorescence cytometry.

In multi-photon fluorescence excitation, two or more photons, which individualy have
insufficient energy to excite the fluorescence molecule, interact co-operatively to achieve
excitation. The excitation process depends on 2 or more photons arriving in a very short
space of time, i.e. ‘simultaneous’, combining their energy to reach the excited state. The
simplified Jablonski Diagram in Figure 3 1 illustrates a co-operative absorption of two
photons viaa‘virtual intermediate state’ K within 0.1 fs (in 10 — 108 seconds), i.e. in a
single quantum event. For a similar number of absorption events as in one-photon excita-
tion the photon density has to be 10° times higher, this is achieved by focusing the laser
beam, such as the photons become crowded spatially, but also by concentrating the pho-
tonsin time (by using the pulses from a mode-locked laser, see section 7.6.4) The required
high photon fluxes are delivered in TPE LSM by pulsed lasers, with an optimum pulse
repetition rate of » 100 MHz, resulting in a 10 ns (10% ) temporal separation of pulses.
Because fluorescence lifetimes are about £ 10 ns, an excited molecule can relax to the
ground state before the next pulse arrives. The used lasers have a moderate average power,
but the output power of the periodically arriving pulses is very high. Since the energy of a
photon is inversely proportional to its wavelength, the two photons should be about twice
the wavelength required for single-photon excitation. A fluorophore usually absorbing u-
traviolet light (~ 350 nm) can be excited by two red photons (~ 700 nm). The different ex-
citation processes will show different absorption spectra (as the absorption cross sections
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differ), as these two excitation pathways populate different energy (vibrational) levels.
(Vroom 1998) Emission spectra, however should not differ, as the vibrational energy level
from which fluorescence takes place is the always the same for the low energy two-photon
(or multi-photon) and the more energetic one-photon excitation and relaxation process of
the chromophor. Molecules in condensed phases, with a few rare exceptions, always rap-
idly relax without visible radiation to the lowest vibrational level of the singlet state S,.

12 5 or less. Since

This process is called internal conversion and generally occurs in 10
fluorescence lifetimes are typicaly near 10® s, internal conversion is generally complete
prior to emission. Hence, fluorescence emission generaly results from a thermally equili-

brated excited state, that is, the lowest-energy vibrational state of S;. (Jablonski 1999)
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FIG 3_1: Principles of Fluorescence Excitation (simplified Jablonski-Diagram)

There are some investigations about two-photon excited fluorescence measurements with
theoretical considerations about the power dependence in TPE and modified two-photon
excitation cross section (Fischer et a. 1998), and excitation and action TPE cross section
of several fluorophores. (Xu and Webb 1996), which demonstrate that the number of pho-
tons absorbed per molecule by means of TPE is proportional to the two-photon absorption
cross section d and to the square of the incident intensity | as TPE is a second order proc-
ess. The attempts to determine the two photon power dependence rely on the Helsenberg
uncertainty principle to estimate the lifetime of the virtual level accessed upon interaction

of amolecule with the first photon, therefore instantaneous power in these models is used.

24



Another approach is a rate expression of two-photon excitation by modelling the response
as a single-step, intermolecular reaction to demonstrating a quadratic relationship with in-

stantaneous power.

3.3 Principleof non-linear imaging in two-photon NIR laser scan mi-

Croscope

There are two main differences between multiphoton and confocal microscopy:
The source is an ultrafast laser (usualy Ti:Sapphire) with very high peak power, but
low average power.
The confocal aperture is unnecessary, because all of the fluorescent light originates
from the laser focus spot
Because the two-photon excitation depends on simultaneous absorption of two photons, the
resulting fluorescence emission depends on the square of the excitation intensity. This
guadratic (nonlinear) dependence gives rise to many of significant advantages associated
with two-photon excitation microscopy (Piston 1999) The demonstration of a quadratic
relationship between collected fluorescence intensity and the laser illumination intensity
can be used as check of the two-photon excitation. (Diaspro 1999)
With a point source producing a stream of pulses at a duration of about 100 fs, a typical
laser pulse duration, with a repetition rate of 80 MHz, the probability that a certain fluoro-

phore absorbs two photons during asingle pulse is given by:
Ny » d X(P)2 xf,"xx x (NA2/ hd )2

N, probability, that a certain fluorophore absorbs two photons during a single pulse

the two-photon cross section, e.g typical about (10 -)10° [ms] per photon

P the average power of the laser, e.g 50 mw/

fo the repetition rate e.g. 80 MHz

X the so-called two photon advantage given by x » 0.664 x(f, x t )",
tp duration of pulsein sec, e.g 100fs(10™ s)

NA the lens numerical aperture, e.g 1.4

h Planck’s constant ~ 6.626 x 10* Js

c the velocity of light ~ 300 m/s and

tp duration of pulsein sec, e.g 100fs(10™ s)
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For a two-photon cross section d of approximately 10 [m"s] per photon, focusing through
a high quality objective, the average incident laser power of ~ 50 mW would saturate the
fluorescence output at the limit of one photon pair per pulse per fluorophore. (Denk, Pis-
ton, Webb 1995) The average power of the used laser was 40 mW, the pulse duration 120
fs, the repetition rate 76 MHz and the NA =1.2 (water immersion) respectively 1.3 (oil

immersion).

Beyond the focal region as it is demonstrated in Figure 3_2 the photon density is low and
the probability of two-photon excitation within ‘the absorption cross section’ of a chrono-
phore very low. The excitation volume corresponds to the detection volume, therefore
biological tissueis less damaged and the photobleaching of dyes is mini mised.

Focal
Region

FIG 3_2 Principle of conventional confocal fluorescence imaging (left) and non-linear
imaging in two-photon NIR microscopes (right)

In conventiona confocal microscopy, the application of pinholesin the image plane resultsin spatial supres-

sion of ‘out-of-focus fluorescence. Because the excitation volume is larger than the detection volume, pho-

tostress and photobleaching occur through the entire depth of the cell. In contrast, the small sub-femtoliter

(~0.1fL) excitation volume during two-photon excitation and the absence of efficient NIR-absorbers reduces

photobleaching and stress to the focal plane. (Konig, Simon, Hal bhuber 1996)
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3.3.1 Advantages of Multiphoton-Excitation

Multiphoton microscopy allows high-resolution imaging and efficient detection of fluores-
cence signal, solving problems of LSCM: improving the signal-to-noise ratio by eliminat-
ing fluorescence except at the focal point of the laser, and reducing or eliminating photo-
bleaching and phototoxity by using low average power. Especially in highly scattering
environments TPE LSM is advantageous because of using a longer wavelength as the
guantity of straylight, which depends on the probability for elastic scattering, caused by
smallest particles, is inverse proportional to the inverse fourth power of wavelength. (Ray-
leigh-Criterion). This and because more laser light is arriving at the focal region as it is not
absorbed beforehand causes a triple penetration depth of NIR radiation compared to con-
ventional CLSM, therefore deeper optical sectioning of biological specimen is possible up
to ~ 300 um(usually ~ 100 um). In contrast to the high frequent laser light used in CLSM
the low frequent laser light, poor in energy, of TPE LSM hardly has a negative influence
on the cell vitality.

3.3.2 Used Lasersfor TPE

Lasers with a pulse duration of about 20 —100 femtosecond have to be used because they
provide a near optimal combination of pulse duration, peak power and pulse rate. Mode-
locked lasers delivering 100 fs pulses at a repetition rate of 100 Mhz and delivering a peak
power up to 100 kW (10° —10° higher than one-photon-excitation), i.e. hundreds mW in
terms of average power are generally used as TPE instruments. Picosecond laser sources
have been aso successfully used. The laser source aso needs a broad tunability in the near
IR, long-term stability and low amplitude noise. In the 80's a CW modelocked Nd:YAG
laser synchronously pumping a dye and colliding pulse mode-locked (CPM) dye laser was
used for TPE. (Denk et al. 1990)

Since the 90"s mode-locked Ti:Sapphire lasers pumped by solid state lasers (nowadays

5 W diode-pumped lasers with green output) is state of the art.
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4. Data restoration by deter mining the optical characteristics of
the microscope system

The data processing of the obtained confocal images includes their restoration. This will
remove disturbances within the image, which are appearing during the imaging process,
because of the imaging characteristics of the image acquisition system, the movement of
the objects,... In general, it should be possible to measure or at least to estimate the distur-
bance function, which will superimpose the image. A correction function can be derived
from it to calculate the original object or image function. This calculation is important, asit
corrects a systematic error during data acquisition.

With asimple signal model shown in Figure 4 1, the process of image degradation can be
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FIG4_1 Signad model of the image degradation.(Ehricke 1997)

The original image signal f(x,y) will be changed by the disturbing signal h(x,y). As the lo-
cation is invariant the disturbed image signal f'(x,y) can be described - shown in the for-
mula 1 in short form, in integral form in formula 2 - as a convolution of the original signal

with the disturbance signal h(x,y), which is the impul se response of the acquisition system.

f'(xy) =h(x y)A f(x,y) (1)
f'(x,y) = @f (mn)h(x- my - n)dnin (2)

Digitised images are discrete, because each pixel or voxel (for volume data files) is de-
scribed by ainteger number of the color or gray scale and a position. In the pixilated image
each point has a discrete value, i.e. an integer number (on colored or gray scale) and a
position, therefore a discrete Fourier transformation can be performed: Each point is pre-
sented as a sum of smaller distances. Thus an image can be reconstructed out of points
even if they are superimposed. Therefore a convolution of the original signa with the dis-

turbing signal is possible in the discrete region.
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The phase, not the amplitude contains the most important information of the original image
in periodic structures.

The disturbed image signal is further more superimposed by a noise function in an additive
way, in the simplest case it is signal independent, i.e. the noise function does not correlate
with the image signal. The resulting image function '’ (X,y) is represented in the next for-

mula 3;

o M-10 N-1

' (X Y) = Qo as F(MNDA(X- Mmy-n)+r(x,y)  (3)

(Ehricke 1997)

The added noise is the variation in the detected and digitized signal that is not associated

with a feature in the specimen. Sources of noise are the background of the sample (elec-

tromagnetic and thermal radiation in the surroundings of the sample), the Poisson distribu-

tion of light (intrinsic noise, shot noise, photon noise), the detector noise of the photomul-

tiplier tubes and the electronic noise of amplification and processing of signals and data
after the photomultiplier tubes. There are several causes for detector noise: Schottky-noise
(Johnson / Nyquist noise) occurs when current in the form of moving charge loaded mate-

rial is passing a transition zone like there is in photo cells. Schrot noise is due to the dis-

crete nature of emitted photoel ectrons. Recombination noise originate in photo conductor

because of recombination processes after charge separation. 1/f noise is determined by a
declining energy reciprocal to the signal frequency. Thermal noise appears because of the
thermal excitation of electrons and other charge carrier in resistors, condenser, radiation
detectors if there is a resistor incorporated. This noise is proportional to the temperature
and the quantity of the resistance. An air-conditioning system can reduce this kind of noise.

(Schmidt 2000)

The discrete nature of voxels lead to following expression for a volume data file:

o M-1o0 N-1o0 O-

(%Y. =8,,8,,8,5, f (MY )h(x- my-n,z-w)+r(xy,2) (4

The original data file consisting of pixels, described by a place and an amplitude in the
local space can represented by a superposition of sinus functions with different frequency,
phase and amplitude in the frequency space. The mostly applied mapping rule is the Fou-
rier Transformation (FT). Also non periodic functions can be shown as a superposition of

sinus-like components (for further explanation see Uszczapowski 1985 or Arsac 1961) The
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transformation of a function out of the frequency space in the local space is called inverse
Fourier transformation (1FT).

In the Fourier region the signal functions can be represented as it is described in the fol-
lowing formula5:

F**(mn) = F(mn)H (mn) + R(mn) )

H (M V) isthe modulation transfer function

R(IMnN) isthe noise function

F (IMN) is the measured image

F'' (MV) isthe restored image

The aim of the image restoration is to calculate from the disturbed image signa '’ (x,y,2) a
signal f*(x,y,2) that the original image signal f(x.y,z) is optimally approached. The distur-
bances, i.e. aberrations which occur during the image acquisition of biological objects by
laser scanning microscopy are due to the optical imaging characteristics of the used micro-
scope system represented by the point spread function. Literally, a PSF is the image of a
single point object. The degree of spreading (blurring) is a measure for the quality of an
optical system.

4.1 Imaging Characteristics of the Confocal Microscope: The Point
Spread Function (PSF)

The PSF, defined by linear system theory, can completely describe the imaging in a con-
ventional fluorescent microscope and in a confocal microscope can completely described
because in both imaging systems the image formation is linear. When two objects A and B
are imaged simultaneously, the result is equal to the sum of the independently imaged ob-
jects and vice versa. For alinear spatially invariant imaging system, the image can be cal-
culated by convoluting afunction characterizing the transmission t(x,y), (t(x,y,z)) or reflec-
tivity r(x,y,), (r(x,y,2)) or the fluorescence f(x,y), f(x,y,z) of the sample with the PSF of the
system. Analogue in electrical circuit theory an arbitrary signal is convoluted with the re-
sponse of a circuit. The PSF is the two-dimensional for a standard microscope or three-
dimensional for a confocal microscope optical analog of the electrical impulse response of

acircuit to adeltafunction input of infinitesimally narrow pulse.
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Three dimensionally an ideal point is represented as growing disk proportiona to the dis-
tance from the focal plane. The whole intensity of one disc, homogeneously distributed
over the area of the disc, corresponds to the intensity of the point. As the diameter of the
disc increases linearly with the distance to the focus, the intensity decreases with the
sgquare of the distance. The ideal point spread function is a double cone, rotation symmetric
to the optical axis, the tips of the two cones meet at the origin of the point. The aperture
angle of the cones is equal to the aperture angle of the lens. Outside of the double cone the
value of the point spread function is zero. The point-spread functions are due to the lens
and the pinhole. The smaller the lens and the bigger pinhole aperture, the wider the pattern
(and the lower the resolution). A lens with a small aperture has a large point-spread func-
tion and a low resolution. A lens with a large aperture has a smaller point-spread function,
subsequently can resolve much smaller structures. The term numerical aperture (NA) refers
to a measure of the lens aperture in angle and takes into account the smaller wavelengths in
arefractive medium. (NA =nsina,and|l =1 o/ n.l o= invacuum) (Webb 1999)
Following the laws of linear system theory the single point spread functions can be over-
laid and added, thus being valid for the whole volume. Thisisillustrated in Figure 4 2.
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FIG 4_ 2 Superposition of Point Spread Functionsin the Three-Dimensional Space

Thus the performance of an imaging system can be quantified by calculating its point
spread function (PSF). The images for determination of the PSF had to be sampled at the
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Nyquist frequency (criterion), because the sampling density (see Materials and Methods,
section 7.4.5) of the (3Dpixel) voxes has not to be too high (oversampling), not too low
(undersampling). If specimen are undersampled, information of the sample will be lost as

the voxels are too elongated from each other.

4.1.1 Resolution limits of a Fluor escence Confocal Microscopy - FWHM

The CSLM intensity image of simple objects such as edges and points, is the square of
their intensity image produced by a standard microscope. The intensity distribution and
subsequently the resolution limit in fluorescence microscopy is defined as the full width at
the half-power points of the image of the point-like fluorescence object fully in focus
(FWHM = Eull Width of Half-Maximum). Therefore the resolution capacity of a confocal
fluoescence laser scanning microscope is better than for a conventional fluorescence wide-
field microscope, because the width is smaller.

The lateral FWHM of the light intensity as a function of the lateral coordinates, x or y, of a
standard fluorescence (fl) widefield (x,y) microscope is about:

FWHM g,y = — 000 (5)
T~ "Na(objective)

(This corresponds to the radius of the airy disc, a diffraction pattern)
In opposite, for a confocal (conf) fluorescence (fl) microscope the lateral FWHM is about:

0.46l
FWHM i cont x, y) = m v

The full-width-half-maximum of the light intensity as a function of the axial coordinate, z,
for aconfocal (conf) fluorescence (fl)LSM is about:

FWHM (fl conf z) = L (Krlete 1992) (7) or
. a
gosin?(7)
2
0.45
FWHM = Robenek 1995 8
(fl conf z) n(1- Cosa) ( ) ( )
FWHM Full width half maximum innm

| Excitation wavelength innm

NA (objective) Numerical aperture of the objectivelens=n sina
n Refractive index of the immersion medium
a Aperture angle of the light cone of the objectivelens

32



INTRODUCTION

The lateral FWHM of a confocal microscope, i.e the single-point resolution is about 75 %
of a conventional fluorescence microscope. That means an improvement of 32 % in single-
point resolution. The two-point resolution or Rayleigh-Criterion, given, if there is a differ-
ence of amplitude of 26.5 % between the intensity maximum and minimum of two points
with overlapping energy or intensity distribution curves, - is only 8 % better for a CSLM
than for a standard microscope. (Corle 1996) The Rayleigh Criterion is the double of the
single-point resolution or the FWHM.

Equation 7 dlightly underestimates the section thickness Kriete 1992), as does for high
numerical apertures equation 8, for NA = 0.95 around 6 %, for NA = 0.9 around 2 %. For
more precise definitions, the non-paraxial scalar theory has to be applied, which will not
give closed formula (Robenek 1995)

4.1.2 Aberrationsin confocal microscopy

The role of aberrations in confocal microscopy is very important. The axial resolution,
needed for optional sectioning, is strongly influenced by (even weak) aberrations, this was
pointed out by Sheppard 1988. By measuring the axial response of the CLSM affected by
spherical aberrations with a scanning mirror, Wilson and Carlini found that the axial inten-

sity distribution is not symmetric with respect to the image plane, illustrated in Figure 4 3.

e —

Objective Objective

Intensity
o
wh

m Ol n=1.5

777 Glass,n=15
d [. = \'Water, n=1.33
Mirror

FIG4 3 a b c

(a) Aberration (d) introduced when light propagates from one medium with the refractive index nq into a
medium having alower refractive index n, because refraction will take place at the boundary between the two
media, i.e.a’ ! a., (b) The experimental set-up for measuring the influence of refractive mismatch on depth
discrimination, the specimen volume consisted of water (Ny4e = 1.33), an 40 x/1.0 NA oil-immersion objec-
tive (ny;; = 1.5) was used (c) Influence of focusing depth, d, on depth discrimination. (Carlsson 1990, Kriete
1992)
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According to Snell”s law, when considering a converging light cone travelling in a medium
with refractive medium n; with margina rays making an angle a; which is focused by a
lens into a second medium with refractive index n,, the light is refracted: nysina; = n, sin
a,.In the second medium the marginal rays are making an angle a,. Because of refractive
indices mismatching, ray paths do not converge to a single focus when an oil-immersion
objective is focused deep into the agueous specimen, because of refraction at the cover
glass-specimen interface, which is more extreme for the off-axis rays. A refractive index
mismatch will cause a magnification error in the axial direction and will result in spherical

aberration as it is shown in Figure 4_2c. Especially when one is imaging deep within the
specimen, the effects of spherical aberration due to refractive index errors become impor-

tant in the image formation, the PSF will deteriorate. As a result restoration become less
effective and less reliable with increasing depth.

As the refractive index of biological sample in general does not match that of immersion
oil, the water objective with a high numerical aperture was invented. With an ideal water-
immersion objective, spherical aberration is not experienced when focusing deep into an
agueous specimen. (Only small zig-zag refraction is occurring as the rays pass through the
cover glass with a different refractive index, from the immersion water to the agueous
specimen.)

If the refractive index of the mounting media and the lens media differ too much total re-

flection can occur, this can only happen if the light beam passes from a optical thicker mre-

dium (refractive index higher) to aoptical thinner medium, i.e. n, < nl. But the light beam
in the confocal microscope comes from one direction and is reflected from the sample, so
that in every case, this can happen when the difference between the refractive indices is
high. The angle of total reflection is ag=asin (n, / ). It depends from the Numerical

Aperture from the Objective lens if total reflection plays arole in image formation.

NAea =N (lensmedium) Xxsinag  withag= asin (n,/ny)

If NA e is smaller than the NA of the objective total reflection really happens. For the im-

mersion oil objective NA is 1.3, n; = 1.508, n, = 1.334 of the embedding (mounting) ne-

dium, whichisPBS. ag = 59.55°, NAeq is 1.3, which corresponds to the given value.

For the water objective the NA is 1.2, n; = 1,452 (Vectashield), n, = 1.334 (water as lens
medium) P ag =66,74° P NAq IS 1.2255. For Mowiol n; = 1,4025 as mounting me-

dium, ag=72° b NA,e iS1.2687. The real NAs are even higher than the given vaue.
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These calculations demonstrate that total reflection could never occur for the applied db-

jectives.

4.1.3 Therelationship of the original image function, PSF and noise function: Data

reconstr uction

The convolution of a 3D- object f(x,y,z) with the PSF h(x,y,z) corresponds if Fourier trans-
formed to a multiplication of the both functions according to the Fourier Theories. The
Fourier transformed PSF in incoherent (fluorescence) imaging is called the optical transfer
function (OTF). Fourier transformation is performed by integration of the convoluted
functions. Therefore the measured image function '’ (X,y,2) is the convolution integral of
the true (original) image function f(x,y,z) and the PSF h(x,y,z) and the addition of the noise
function.

The convolution is one of the most important operations in imaging processing. 2D-and 3D
convolution follow the same laws, only the shape of the PSF (OTF) is different. The PSF
demonstrates the distortions which are generated during image recording of biological ob-

jects with the CLSM due to the optical characteristics of the microscope.

4.2 Deconvolution — Optical transfer function

To determine the original image f(x,y,z) from the measured image f' (x,y,2) is referred to as
deconvolution according to Fourier Theories:

Fourier Transformsof f, f’, h=>F, F', H are simply related by:

F=F*HO Tf'=TfHO f=T*H'T{)0 f=(T H")*f

histhe measured PSF,

H iscalled the optical transfer function (OTF) and isthe Fourier transform of the Point Spread Function,

T isthe Fourier transform operator.

i.e. the convolution of the object function f(x,y,z) with the PSF in the locate room corre-
sponds to a multiplication of the attached Fourier transforms. The measured Fourier trans-

formed image is multiplicated with the inverse OTF (H%) and the result of this operation is
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subsequently transformed back with the inverse Fourier transform operator (T™). The re-
construction can aso be carried through directly in the locate space convoluting the focus
serieswith the Fourier transformed OTF* (Tt H™?).(J8hne, 1989)

Therefore the advantage of the Fourier transforms for the calculation of the original image
is aless amount of necessary calculations. For deconvolution the Fourier transform of the
measured image will be multiplied with the inverse OTF and the result of this operation2D,
3D (de)convolution follow the same principles, only in 3D imaging functions have three

variables to describe completely the location of a point.

Therefore the relationship of the Fourier transform can be also expressed in the frequency
domain:

F(f) = F(f) H (f),

where f represents the 2D or 3D spatia frequency variable, depending upon application.
The bandlimit for a2D OTFisf. = NA/ | ; (NA Numerical Aperture, | ; wavelength of the
emission light). The OTF has the shape of a dunce cap. The 3D optical transfer function as
it is shown for the confocal fluorescence microscopy in Figure 4 4 has a missing cone re-

gion, therefore is degrading the image in two regions, thus in two ways.

FIG 4 4 The 3-D OTF for aconfoca fluorescent scanning microscope with afinite-sized detector (with a
pinhole radiusr, =10) (Kriete 1992)

First, where the OTF is nonzero, it functions as a low-pass filter by suppressing high fre-
guency components in the image. Secondly, where the OTF is zero, it totally removes the
Fourier components.

To recover these missing Fourier components is the challenge of the image reconstruction

techniques for fluorescence microscopy, and for optical imagery in general. (Kriete 1992)
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5. Purpose of the project

Because of the conflicting hypothesis reported in oxygen sensing models concerning the
cellular localisation as well as response to hypoxia of reactive oxygen species (ROS) in
human hepatoma HepG2 cells a new, more sensitive approach to reveal ROS generation
especialy the housing of the Fenton reaction should be realised. It was expected that TPE
L SM would be more suitable to localise hot spots of ROS generation. Former experiments
performed with conventional one photon excitation confocal laser scanning microscopy
(OPE CLSM) could not reveal if ROS were generated inside of mitochondria or in the cy-
toplasm as well.. As conflicting results could also be due to different use of fluorescent
molecules, we carried out acomparative study on dihydrorhodamine 123 ( DHR ) and
2, 7"dichlorodihydrofluorescein-diacetate (H,DCFDA ) stained HepG2 cells with one
photon excitation (conventional) confocal and two photon excitation laser scan microscopy
(TPE LSM). It is known that CLSM is highly destructive, and not very suitable for meas-
urement of those light-sensitive reactions. As the laser scans the specimen, the probe is
selectively bleached in the X/Y plane and nonselectively bleached in the Z plane. There-
fore we implemented a (new) method for performing the experiments. TPE CLSM. It is
known that TPE needs about the double excitation wavelength, but it cannot be predicted
precisely from one photon data. Therefore several methodical questions had to be an+
swered beforehand.

(1) Own measurements of UVVIS absorption spectrophotometrie and fluorescence spec-
troscopy of the oxidised fluorophores Rhodamine 123 and 2',7 -Dichlorofluoroescein and
of the mitochondrion specific fluorescent dye MitoTracker Red CMX Ros in PBS should
serve as a basis, because available fluorescence spectra are usually done in an organic sol-
vent and not in PBS, which was used for mounting the cell specimens, for answering the
following two questions:

(2) Are the fluorophores, used and established in conventiona CLSM, suitable for TPE
LSM, i.e. where are the TPE excitation maximums (in PBS)?

This was also performed for the DNA-label DAPI, and

(3) How do they differ from theoretical extrapolated comparable one photon excitation
spectra and excitation maximums?

(4) Isthere a difference between one photon and two photon emission maximums?
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It should be expected that there is no one, as emission should always take place from the
same, the lowest vibrational level of the excited singulett S, level.

(5) What are the optical characterics of the TPE L SMicroscope

(6) in comparison to OPE CLSM

(7) and in comparison to conventional widefield fluorescence mcroscopy?

(8) Where are the resolution limits of the new implemented microscopical system?

As PSFs control the image formation in al coherent (and incoherent) optical systems, the
optical characteristics were determined by measuring the point spread function

It was expected that these PSFs used for confocal data restoration should improve local
resolution. All this was undertaken to have the optimum performance quality of the micro-
scope system, including data restoration and visualisation, to solve the following question:
(9) Are hot spots of ROS generation only colocalised within mitochondria or can other
perinuclear cytosolic compartements be found which are generating ROS most probably by

the Fenton reaction ?

Because of these questions

1. UV/VIS Absorption Spectrophotometry of the dyes used and the optical barrier filter
which should be appropriate to the emission maximums of the dye,

2. One Photon and Two Photon Excitation Fluorescence Spectroscopy of the dyes to de-
termine the excitation and emission maximums and

3. Different Point Spread Function in PBS and the mounting media Mowiol and Vec-
tashield were measured and

finally used to localise ROS generation in human HepG2 cells by CLSM and TPE LSM.
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II MATERIALS AND METHODS

6. Materials

6.1 Cell Culture, Media

Basalmedium Supplement (BMS) (S5175)
Dulbecco's Phosphate Buffered Salts =
Phosphate Buffered Saline (PBS) Tablets (2810305)

Without calcium and magnesium (1Tablet = 100 ml)

Glutamin stable (N-acetyl-L-alanyl-L-glutamine) (200 mM)
HepG2 cells (HB 8065)

Four Well Pod

Incubator (5 % CO2 in humidified air) Stericult 200

RPMI 1640 without Glutamin, Phenol Red 5 mg/I

With 2.0 g/l NaHCO3 Without L-Glutamine (F-1295)
Penicillin/Streptomycin (10000 U, 10000 pg/ml)

Streptomycin sulfate (research grade)

Tissue Culture Flasks (25 cm?, 75 ml; 75 cm?, 250 ml)
(0,2 um Vented Blue Physical Cap)

Trypsin-EDTA in HBSS w/o Ca”™ & Mg w/EDTA-4 Na*

Biochrom KG (Berlin*)

Biochrom (Berlin)

ICN Biomedicals,
(Eschwege)

Biochrom KG (Berlin)
ATCC (USA)

Nunc (Denmark)
Labotect (Gottingen)

Biochrom (Berlin)

Biochrom (Berlin)

Serva -Boehringer
Ingelheim  Bioproducts
Partnership (Heidelberg)
Becton Dickinson
Labware Europe (Le
Pont De Claix, France)
Gibco BRL Life Tech-
nologies GmbH,

(Karlsruhe)

* If not specified, the country of origin is the Federal Republic of Germany (FRG)
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6.2 Dyes

4’,"6- Diamidino-2-phenylindole dihydrochloride (DAPI)(A1001) AppliChem (Darmstadt)

2’,7’- Dichlorofluorescein (ACS Reagent:D-9053)

2’,7’- Dichlorofluorescin — Diacetate (D-399)
Dihydrorhodamine 123 (D-632)

MitoTracker ®Red CMX Ros (M-7512)
Rhodamine 123 (R-302)

PS- Speck™ Microscope Point Source Kit (P-7220)

6.3 Chemicals

DMSO

Acetic acid

Ethanol
HC1

Isopropanol

Mowiol 4-88 (475904)
Aqua bidest.
Mucasol

Poly-D-Lysin

Vectashield (H —1000)

Sigma-Aldrich (Deisen-
hofen)

Mobitec (Gottingen)
Mobitec (Gottingen)
Mobitec (Gottingen)
Mobitec (Gottingen)

Molecular Probes, Mo-
bitec (Gottingen)

Serva -Boehringer
Ingelheim Bioproducts

Partnership (Heidelberg)

Carl Roth GmbH
(Karlsruhe)

Calbiochem (Bad So-
den)

Millipore

Band GmbH (Wertheim)
Serva  Electrophoresis
GmbH (Heidelberg)
Vector Laboratories,

Inc. (Burlingame, CA)
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6.4 Instruments

Autoklav 23
Finnpipettes Digital 0.5-10ul, 5-40 pl, 40-200ul, 200-1000 pl

pH- mV Meter
pH- mV Meter
Precision balance 0.00001- 20 g

Refractometer

Precision Cuvettes made out of Quarzglas SUPRASIL (10mm)
for Absorption and Fluorescence Spectrophotometrie/copy
Safe Locks (reaction tubes) 0,5 ml; 1 ml; 2 ml

Varipette 0.5-10 pl

6.5 Spectrophoto- and Fluorometer

Double Beam UV-Vis Spectrophotometer Uvikon 933

LS 50 B Luminescence Spectrometer

6.6 Microscopes and Utilities

Cover glasses, round, & 17 mm; &: 12 mm,
selected thickness:&J 0,17 mm + 0,01 mm

Immersion oil

Kimwipes
Fluorescence Filter Set B-2A Ex: 450 —490 nm
(Dichroic Mirror) DM: 505 nm

(Barrier (Emission) Filter) BA: 520 nm
Long Pass Filter, Medium

Melag

Labsystems  (Helsinki,

Finland)

Knick

Schott Gerite

E.Mettler (Ziirich, CH)

Carl Zeiss
(Oberkochem)

Hellma
Eppendorf (Hamburg)
Eppendorf (Hamburg)

Kontron Instruments

Perkin Elmer (Uberlin-
gen)

Oehmen Labortechnik
Quadrolab (Essen)
Nikon (Diisseldorf)
Kimberly-Clark
Nikon (Diisseldorf)
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Fluorescence Filter Set G-2A Ex: 510 =560 nm
(Dichroic Mirror) DM: 575 nm
(Barrier Filter) BA: 590 nm
Long Pass Filter, Medium

Fluorescence Filter Set D-F-R
Simultaneous representation
of DAPI + FITC + Rhodamine

Inverted Microscope Eclipse TE300

Microscope Eclipse EI000M/E1000

Micro slides

PCM(Personal Confocal Microscope System)2000
Power Supply V-PS100DU-1/V-PS100E

V-IBS Beam Splitter Module

EZ 2000 for PCM (Personal Confocal Microscope

System) 2000 Version 2.1.0/2.1.3 (Software and Hardware:

PC extension boards: SGRB framegrabber and

PCM serial interface board, PCM scan head and
Cables, RFA z-drive, Transmitted Light Detector
(PCM 2000 Controller: Photomultiplier Tubes 1- 3)

EZ 2000 Viewer Version 2.1.0 and 2.1.3

Physik Instruments Objective Scanner:

Low Voltage Piezoelectric Translator E-662 (LVPZT)
Amplifier / Position Servo Controller Model P-723.17
Measurement range: 200 um, 0 — 10 V, Step Size: 0,5V
Mercury short arc lamp HBO 100 W/2

Micro slides

Objectives:
Plan Fluor 40x/1.3 Oil DIC H «/0.17 WD 0.2
Plan Apo 60x/1.2 Water DIC H

oo /With cover glass correction WD 0.22

Nikon (Diisseldorf)

Nikon (Diisseldorf)

Nikon (Diisseldorf)
Nikon (Diisseldorf/FRG)
Oehmen Labortechnik
Quadrolab (Essen)
Nikon (Diisseldorf)
Nikon (Diisseldorf)
Nikon (Diisseldorf)

Nikon Europe B. V.
(Bad Hoevedorp), Coord
Automatisierung

(Apeldoorn, NL)

Physik Instrumente

(Waldbronn)

Osram
Ochmen Labortechnik
Quadrolab (Essen)

Nikon (Diisseldorf)
Nikon (Diisseldorf)
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6.7 Optical Barrier Filters

All in Diaphot filter ring for a PCM2000- Filter holder, 2P optical filter blocked with OD

6, bandpass until 1100 nm, A/R coating, & 18 mm, thickness max. 4.5 mm

1P- and 2P barrier filter D 470/30
1P- and 2P barrier filter HQ 515/30
1P- and 2P barrier filter HQ 515/30
2P- Barrier Filter HQ 535/30

1P- and 2P barrier filter HQ 590/60
2P barrier filter HQ 620/60

6.8 Laser and Utilities

Air-cooled Argon Ion Laser Model 263C
Wavelength 488 nm
Digital Shutter System Model 845

Helium — Neon Laser Model 1600 Series
Wavelength (nm) 543,5 nm

High Speed Photodiode Module PDM-400
(200 ps puls rise time, 400 ps FWHM)

Low Voltage Piezoelectric Translator E-662

(LVPZT) Amplifier / Position Servo Controller

Miniature Autocorrelator

Mira Model 900 modelocked Titanium:
Sapphire laser 8 Watt

Mira - Grating Dispersion Compensator (GDC)
Optical Power Meter Model 840

PCM 2000 Scan Head

Post Fiber Compressor

AF Analysentechnik
(Tiibingen)

Spectra Physics (Mountain View,
CA,US.A)

Newport Cooperation (Irvine, Califor-
nia)

Uniphase Lasers & Fibre Optics

Ltd. (Eching, Muenchen,FRG)

Becker & Hickl GmbH

Physik Instrumente

(Waldbronn)

MIRCOS$COR, New Technologies and
Consulting (FRG)

Coherent Laser Group

(Santa Clara, CA)

Coherent (Santa Clara, CA )

Newport (Irvine, California, U.S.A.)
Nikon GmbH (Diisseldorf)

Coherent Laser Group (Dieburg)
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RTE Series Refrigerated Bath/Circulator
Verdi™ V-5 Diode-Pumped Laser
Vibration Control System - Stabilizer

Neslab (Frankfurt)
Coherent (Santa Clara, CA )
Newport (Irvine, California, U.S.A.)

High Performance Laminar Flow Isolator I — 2000 Series

Super High Pressure Mercure Lamp
Power Supply Model: HB 10103/4 AF
Two Channel Digital-Real Time
Oscilloscope TDS 200

Optical Power Meter (Model840-C)

Wave Scan Laserspectrometer

6.9 Hardware and Software

APE Las Scan 2.2
AVS/ Express

EZ 2000 for PCM 2000 (Version 2.1.0, 2.1.3)

FL WinLab (Software Package)

Huygens System 2.20

Silicon Graphics Octane Workstation

TechPlot(Technisch-wissenschaftliche Software)

Nikon GmbH (Diisseldorf)

Tektronix, Inc. (Wilsonville, OR,

US)

Newport (Irvine, California)
Angewandte Physik and Elektronik
GmbH APE (Berlin)

APE Instrumentation Control

Advanced Visual Systems Inc.
(Waltham, Mass. U.S.A)

Nikon Europe B.V. (Badhoevedorp),

Coord Automatisering (Appeldorn,

NL)

Perkin Elmer (Uberlingen)

Scientific Volume Imaging

b.v. (Hilversum,NL)

Silicon Graphics (Mountain View, CA,
USA)

Software fiir Forschung und Technik,

Dr. Ralf Dittrich (Braunschweig)
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7. Methods

7.1 UV and Visible Spectroscopy of the Used Filter and Dyes

7.1.1 Principle of Operation of a Typical Double-beam Recording Visible (VIS)-near-
ultraviolet (UV) Spectrophotometer

For near-ultraviolet operation a mirror is rotated in order to change from the tungsten to the
deuterium lamp. The absorbance in the sample beam relative to that in the reference beam
is obtained by inserting an optical attenuator into the reference beam. The latter is attenu-
ated until the two detected signals are equal. When the sample is absorbing strongly this
optical null method has the disadvantage of reducing drastically the intensity in the refer-

ence beam.

7.1.2 UV/VIS Absorption Spectrophotometrie of the Applied Barrier Filters

The transmission range of the applied filters and the absorption maximums of the (oxi-
dised) dyes were measured by the UVIKON 933 Double Beam UV-Vis Spectrophotome-
ter. Before measuring a baseline correction was carried out. The filter were measured
against air. The barrier filter was put in front of the cuvette holder for measuring the sam-
ple and a wavelength scan over the range of 900 to 200 nm was performed with air ‘as
blind sample’. Each filter together with the filter-ring was put in a filter holder and fixed
with a piece of double sided tape at the bottom of the filter holder, to be able to close the
cover of the spectrophotometer.

The measured optical barrier filter are listed in Table 7 1 and 7 2.

Wavelength (nm) 488 515 590

Bandwidth (nm) 10 30 60

Table 7 1 Filter for one photon excitation
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The given wavelength is at the middle of the optical filter. The first filter

(488 nm +- 5 nm) is an excitation filter, the other are emission filters.

Wavelength (nm) 470 515 535 590 620

Bandwidth (nm) |15 30 30 60 60

Table 7 2 Filter for two photon excitation

7.1.3 UV/VIS Absorption Spectrophotometrie of the Used (Oxidised) Dyes

PBS was taken as blind sample for the dyes, because they were solved in PBS to have

physiologic conditions for Hep G2 cells. A wavelength scan from 900 nm to 200 nm was

performed.

Stock Solutions in DMSO Stock  Solutions | Solutions for Use|Measured  con-
in DMSO ¢ (uM) | in PBS (uM) centrations (uM)

2’°,7’-Dichlorofluorescein 11 20 uM 3,5,9,12, 15

(DCF) (Mr =401.2 g/mol)

MitoTracker RedCMX Ros]|1 10 uM 2.5,5,10

(MT) (Mr =495 /mol)

Rhodamine 123 25 25 uM 1,4.5,6.7, 10

(RHO) (Mr = 380.83 g/mol)

Table 7 3 Stock solutions, Solutions for use, and measured concentration of the (oxdised) dyes in UV-VIS

Spectrocopy

(for structural details of the dyes is referred to paragraph 7.2)

Several dilutions in PBS were measured, in order to have some which absorb within the

linear range of 0.1 to 1.5 Absorption Units. The listed measured concentrations were

within the linear range of UV-VIS spectroscopy.

46




MATERIALS AND METHODS

7.20ne Photon Fluorescence Spectroscopy

One Photon Fluorescence Spectroscopy was performed on Perkin Elmer LS 50B Lumi-

nescence Spectrometer.

7.2.1 System Description of the Used Luminescence Spectrometer

7.2.1.1 The Optical System

With the help of the Luminescence Spectrometer the excitation and emission scans of fluo-
rescence of five different dyes were performed in a continuous scan over the wavelength
range of the instrument (200 nm to 800 nm for excitation, 200 to 900 nm for emission).
The excitation source which is a special xenon flash tube is triggered at line frequency (50
or 60 Hz) by a small festoon lamp close by to produce an intense, short duration excitation
pulse of radiation over the spectral range of the instrument. The optical system consists of
two reflection grating monochromators, a series of mirrors and the reference and sample

photomultiplier detectors. The path of the radiation is shown in Figure 7 1.

FIG 7_1 The LS50B Optical Diagram (Perkin Elmer LS50B User’s Manual)
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Energy from the source is focused by the ellipsoidal mirror M(E)5 and reflected by the
toroidal mirror onto the entrance slit of the excitation monochromator. It consists of the
entrance slit, a 1440 lines per millimeter grating, a spherical mirror and an exit slit. A nar-
row wavelength band emerges from the exit slit, with the centre wavelength being deter-
mined by the setting of the grating, the angle of which is controlled by a step motor. Via
the focusing toroidal mirror M(T)1 the majority of the excitation beam is transmitted to the
sample area, a small proportion is reflected by the beamsplitter onto the reference photo-
multiplier.

The toroidal mirror M(T)11 focuses the energy emitted by the sample onto the entrance slit
of the emission monochromator. This monochromator consists of the entrance slit, a
spherical mirror M(S)31, a 1200 lines per mm grating and the exit slit. A narrow wave-
length band emerges from the exit slit, with the centre wavelength being determined by the
setting of the grating, the angle of which is controlled by a step motor. The excitation and
emission monochromators were scanned over their ranges independently. The signals from

the detectors are processed by the instruments electronics and displayed on the PC screen.

7.2.1.2 The Electronics System and Signal Handling

The instrument when operating in the fluorescence mode performs four integration for
every data collection cycle. From the emission channel two integration are taken and two
from the excitation channel. With respect to the last source flash these integration are per-
formed at fixed times.

Of both the excitation and emission main signals an integration is taken. The emission
from the source has a width at half peak height of less than 10 microseconds. The integra-
tors are opened for 80 microseconds to collect all the signal. By gating open both channels
a second time just before the next flash and integrating the signal the effect of dark current
is eliminated. The dark current signals (signals produced when no light is falling on the
photomultiplier) are then subtracted from the main fluorescence signals to give a dark cur-

rent corrected signal.
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7.2.1.3 Signal Conversion

After integration the photomultiplier signals are multiplexed, fed into the auto-ranging am-
plifier and then into the auto-ranging amplifier and then into the 12-bit successive ap-
proximation Analogue to Digital (A-D) converter. To optimise the A-D conversion the
auto-ranging amplifier increases the gain of the signal The conversion is obtained by using
a 12 bit digital to analogue (DAC) converter and a comparator, where a 12 bit word is suc-
cessively approximated to the analogue signal, with the control loop being supervised by
the on-board microprocessor. From the reference signal and likewise from the sample sig-

nal the dark current is digitally subtracted, to give a true zero.

7.2.2 Used Dyes

7.2.2.1 2’°, 7"-Dichlorofluorescein (DCF)

Molecular Formula: Cy0H;oClLO5
Molecular Weight: 350.25 g/mol
CAS Number /Name: 76-54-0
(D-9053) Sigma

Stock solution: 11 mM in DMSO
Structure for DCF

0
poeOd L
Cl Cl
M 0T
- HO o OH
(© y

FIG 7_2 Chemical Structure of 2', 7 -Dichlorofluorescein (DCF)
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7.2.2.2 MitoTracker® Red CMXRos

Molecular Formula: C;,H3,CILN-O
Molecular Weight: 531.52 g/mol

CAS Number/Name: Not determined
(M-7512) Mobitec (Gottingen)

Structure for MitoTracker® Red CMXRos

CH 2CI

FIG 7_3 Chemical Structure of MitoTracker® Red CMXRos

7.2.2.3 Rhodamine 123 (RHO)

Molecular Formula: C,;H{7CIN,O3

Molecular Weight: 380.83 g/mol

CAS Number/Name: 62669-70-9 /

Xanthylium, 3,6-diamino-9-(2-(methoxycarbonyl) phenyl, chloride
(R-302) Mobitec (Gottingen)

Structure for Rhodamine 123

HN 0 o o NH,
<:cu,
e or

FIG 7_4 Chemical Structure of Rhodamine 123

(o I
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7.2.3 Spectroscopic Measurement of the Dyes

From 2’,7’-Dichlorofluorescein Acs Reagent (D-9053-14) (Sigma) CyoH;¢Cl,0s, Mr =
401.1 g/mol a 11 mM stock solution with DMSO was made.(5.5125 mg in 1161.28 ul
DMSO) A dilution 1:220 with PBS was produced and then solutions of 25 nM, 50 nM, 100
nM and 200 nM DCF.

From Rhodamine 123 (R-302) (Mobitec GmbH) Mr = 380.83 g/mol a 1 mM stock solution
was made with DMSO. A dilution with PBS, final concentration of 10 uM was prepared
which was used to have the following solutions for performing excitation and emission like
described above: 20, 40, 50, 60, 80, 100 nM. The last solution was too concentrated to be
measured.

From MitoTracker CMXRos (M-7512) (Mobitec GmbH) (Mr = 531,52 g/mol) 50 pg was
put in 94 ul DMSO to get a ImM stock solution. Concentrations of 0.45, 0.67, 0.83,1, 1,
1.25,2.5,5.0 and 10 uM were prepared.(Results: The last dilution was out of the linear
range)

To determine the excitation and fluorescence emission maximum, the prepared dilutions
were measured immediately with LS 50 B Luminescence Spectrometer. Usually an exci-
tation and emission scan were performed immediately each after the other with the highest
excitation and emission rate. For the excitation scan the wavelength of the emission maxi-
mum was taken as fixed wavelength, for the emission scan the fixed wavelength was the

wavelength of excitation maximum.

7.3. Two Photon Fluorescence Spectroscopy of the Used Dyes

The process of single-photon absorption (SPA) is in principle different from two-photon
absorption (TPA). As different absorption spectra (absorption cross sections) for one and
two photon excitation are very complicated to calculate, the two photon excitation and

emission spectra for the used dyes were determined .
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7.3.1. Experimental Setup of Two Photon Fluorescence Microscopy

1 kHz Ti:sapphire TOPAS

804 nm, ImJ sl 1: 580 - 820 nm

45 fs 2:820 - 1150 nm
Dye Cell Lens

spectrometer

FIG 7_5 Experimental setup of the two photon fluorescence spectroscopy. The laser pulses (TOPAS) were fo-
cused into a dye cell and the excited fluorescence was picked up by a multimode fiber. The fiber was connected

to a grating spectrometer equipped with an optical multichannel analyzer (OMA).

The experimental setup is shown in figure 7 5 and consists of three units. First, a Ti:sapphire
laser delivering 45 fs long pulses at 804 nm with a pulse energy of 1 mJ and a repetition rate
of 1 kHz. The spectrum and the pulse width were constantly monitored using a spectrometer

and a second order intensity autocorrelator.
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FIG 7 _6 Pulse energy as a function of wavelength for both scan ranges.
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Second, an optical parametric amplifier (TOPAS) which was used to tune the wavelength
continuously between 580 nm and 1150 nm. Figure 7 6 shows the energy per pulse as a

function of the wavelength for the two wavelength ranges used.

Third for measuring the two photon excitation and emission spectra, the output of the para-
metric amplifier was focused by a fused silica lens with a focal length of 400 mm. The dis-
tance of the dye cell to the lens was adjusted so that at no excitation wavelength white light
generation in the cell was observed. The excited fluorescence was collected by a multimode
fibre which was connected to a grating spectrometer. The spectrum ranging from 400 to 720
nm was recorded simultaneously by an optical multichannel analyser with 1024 pixel. The
measuring procedure was as follows. The excitation wavelength was changed in equidistant
steps and for each step two hundred single fluorescence spectra were averaged. In order to
extract the absorption as a function of the excitation wavelength the fluorescence curve was
integrated and the result was divided by the square of the excitation intensity assuming a two

photon absorption process.

absorption
° °
S >
T T

intensity

1 1 1 1 1 1 1 1
550 600 650 700 750 800 850 400 500 600

excitation wavelength [nm] fluorescence wavelength [nm]

FIG 7 7 Left: Two-photon absorption spectrum of DAPI. Right: Fluorescence spectrum of DAPI at an excita-

tion wavelength of 690 nm.

In Figure 7_4 an example is shown. The maximum of the two-photon excitation of DAPI oc-
curs at (690 +/- 10) nm and the maximum of the fluorescence band is at (460 +/- 5) nm. In
comparison, for one photon excitation the maxima are 358 nm and 461 nm, respectively.
Clearly, the two photon excitation peak occurs at around twice the one photon peak and the

fluorescence maximums are identical. For a few dyes the fluorescence yield was measured as
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a function of the excitation intensity and a quadratic dependency was found again supporting

the two-photon excitation process.

7.3.1.1 Design and Principle of operation of TOPAS

(Travelling-wave Optical Parametric Amplifier of Superfluorescence)

TOPAS operation, based on a second order nonlinear optic process, is a three photon paramet-
ric interaction in noncentrosymmetric crystals. It consists of an independently pumped super-
fluorescence generator with two preamplifiers, and power amplifier, and employs a four am-
plifier stage configuration, geometrically arranged, using a single nonlinear crystal (BBO or
LBO). The first stage, a low-energy preamplifier, produce a seed signal, emitting broad-
banded superfluorescence. Placed in the far field of the seeder are preamplifiers (second and
fourth passes) which shape the beam, acting as a small amplifying aperture. All those low-
energy preamplifiers are optimised for the best spectral and spatial filtering properties. The
amplification in third pass through nonlinear crystal usually is negligible. The last amplifica-
tion stage (fifth pass through nonlinear crystal), usually pumped by the bulk of the available
pump, boosts the energy of the parametric pulse. The power amplifier uses <90% of the pump
energy and is adjusted for high conversion effiency (Energy conversion into parametric radia-
tion up to 25 %) along with the beam quality and duration of the converted pulses. “TOPAS”
emits beam with divergence close to the diffraction limit with a highly coherent pump beam
and carefully adjusted pump beam diameter in the preamplification stages. The configuration
has the advantage that dielectric mirrors, relatively narrow-bandwidth, are used to direct the
pump beams. All the amplification stages are driven to saturation to achieve high reproduci-
bility of generated pulses. The pump energies and intensities are adjusted for the particular
pump pulsewidth and power used at each stage. Metal coated mirrors are used in the beam

path of signal pulse. In this way, full tuning range can be covered without replacing the optics.

The Design of Topas is shown in Figure 7_8.
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PUMP

PARAMETRIC
OuUTPUT

FILTER NONLINEAR Time Delay

CRYSTAL

-

FIG 7 8 Design of TOPAS

7.3.1.2 Wavelength tuning

As high pump power is used, tuning results from changing the crystal setting angle, which is
much faster than temperature tuning in non-critical phase matching crystals, but rises prob-
lems related to beam/pulse displacement which are partly solved by a quartz compensation
plate. The pump wavelength and IR-absorption edge of the particular nonlinear crystal (BBO
or LBO = Lithiumtriborat) restrict the tuning range of TOPAS, which is notably extended by
the frequency up- and down conversion of the TOPAS output, and tuning can be done con-
tinuously across the whole accessible wavelength range and for generation of several syn-

chronous pulses at different wavelengths by different frequency mixing schemes.

The next photo shows the two photon fluorescence spectroscopy system.

FIG 7_9 Two Photon Excitation Fluorescence Spectroscopy performed at the Institute for Optic and Quantum

Electronics of the Friedrich-Schiller-University in Jena (next page)
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7.3.2 Used Dyes

2’, 7’-Dichlorofluorescein (DCF)
MitoTracker® Red CMXRos (MT)
Rhodamine 123 (Rho)

For details is referred to the chapter ‘One Photon Spectroscopy’

DAPI (4, 6- diamidino-2-phenylindole, dihydrochloride)
Molecular Formula: C;sH;7CI,N5
Molecular Weight: 350.25 g/mol
CAS Number /Name: 28718-90-3 /
1H-Indole-6-carboximidamide, 2-[4-(aminoiminomethyl)phenyl]- , dihydrochloride
(A 1001) AppliChem (Darmstadt),
Stock solution: 25 mM in bidest (Storage-20°C/4°C)
Structure for DAPI

H, N |
H.N Z(I:I N
- +
2 H ‘ hlﬂa
201" 2

FIG 7_10 Chemical Structure for DAPI

7.3.3. Preparation for Measurements

DAPI (4’, 6- diamidino-2-phenylindole, dihydrochloride) was measured at a concentration of
25 mM diluted in water (stock solution), 2°,7’- Dichlorofluorescein at a concentration of 11
uM in PBS (Dilution 1:1000 from the stock solution 11 mM in DMSO, Rhodamine 123 at a
concentration of 1 pM in PBS (diluted 1:1000 from a stock solution 1mM in DMSO), Mito-
Tracker CMXRos at a concentration of 1 uM in PBS (diluted 1:1000 from a stock solution 1
mM) in DMSO.

For measuring around 200 pl of the dilution were put in the dye cell (cuvette) with a width of

0,196 cm.
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7.4 The point spread function

7.4.1 Coating of the object slides

Object slides were cleaned with 1% v/v HCl (35,5%), 70 % v/v Ethanol (96 %).
After being dried object slides were covered for 5 min with Poly-D-Lysine solution
(0,1 mg/ml Aquabidest, filtered before using — wear gloves!)

Object dides are | et dripped off over night.

7.4.2 Coating of the cover glasses

Cover glasses selected thickness:0,17 mm + 0,01 mm were incubated over night with 20 %
v/v Ethanol / 3 % v/v Acetic acid, washed with 70 % v/v Ethanol 10 min, air dried, coated
with Poly D-Lysin 30 min at 37°C, air dried dust free.

7.4.3 Preparation of the mounting media

Phosphate buffered saline: One tablet had to be put in a bit more than 100 ml of bidestilled
water and autoclaved 1h at 121°C at 1 bar overpressure for 50 min in MELAG Autoklav
23. The pH of autoclaved PBSwas 7,4 + 0,1.

Mowiol: 10 g Mowiol was stirred for 24 h in 40 ml PBS, 20 ml glycerine was added and
the mixture was again stirred for 24 h. Aliquots of 1 ml in Eppendorf tubes were frozen at
—20°C. (16,6% w/v Mowiol)

Vectashield was bought ready to use as a thick liquid.
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7.4.4 Mounting of the fluorescent latex beads

Molecular Probes’ PS-SpeckTM Microscope Point Source Kit (P-7220) was used. It con

tains four different colours of fluorescent microspheres, propertieslistedin Table 7_3:

Colour Excitation Maxi- | 1 Photon Excitation |Emmission Maxi-| Used Optical
mum (bead) nm Wavelength nm mum (bead) nm Barrier Filter nm

Blue 360 Non appropriate 440 none

Green 505 488 515 515+ 15

Orange 540 543,5 560 590 + 30

Deepred |633 Non appropriate 660 620 £ 30 (2P)

Table7_3 Excitation and Emission Maximums of the fluorescent beads and used excitation wavelength (for
2P excitation it was always 798 nm) and optical barrier filter

Neither when applying one photon excitation nor two photon excitation laser scanning con-
focal microscopy, the blue fluorescent microspheres could be measured with a 470 = 15
nm optical filter for the emission radiation.

The diameter of one microsphere is 175 +£5 nm. McNally (1999) proposes for conven-
tional fluorescence microscopy that it should be athird of the Rayleigh Criterion, i.e. of the
two-point resolution limit. The minimum distance which can be resolved for conventional
microscopy itis 1.22 | / NA, for confocal microscopy 0.92 | / NA with |, the emission
wavelength and NA, the numerical aperture of the objective. (NA(oil immersion objective,
40 x) = 1.3, NA(water objective, 60 x) =1.2. The beads were mainly used for confocal
OPEor TPE LSM. The used emission filters had wavelengths between 515 nm and 620 nm.
Hence the beads should have a diameter of 140 + 18,5 nm. The Huygens System 2
Owner”s Guide recommends beads below 250 nm dianeter.

Each agueous suspension of the fluorescent microspheres has a density of 3 x 10°
beads/mL. Before dilution the solution was shaken by a Vortex.

When the mounting medium was Phosphate buffered saline (PBS) the suspension was d-
luted 1.6 fold with PBS and a drop of this dilution (2,5 ul) was put on a coated microscope

dlide, covered with a coated coverglass with corrected thickness of 0,17 + 0,1 mm, ar
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closed with nail enamel. When the nail enamel was air-dried the sample was imaged with
the confocal microscope with the appropriate sampling distance.

For Mowiol and Vectashield the agqueous suspension of the fluorescent microspheres were
diluted 1:300 in Aquabidest. 10 pl were put on the cover glass and air-dried. Then 2 pl of
the Mounting medium was put onto the microslide and covered by the cover glass. When
using Vectashield the cover glass was immediately surrounded by nail enamel. Specimen
in Mowiol had to dry overnight before surrounded by nail enamel.

7.45 Requirementsfor recording bead images: Nyquist Theorem

A scanned and digitally recorded specimen is represented by a sampled function, i.e. light
intensity is known only at positions where samples have been recorded. A small inter-
sample distance is needed to obtain images with high resolution and with all information
present in the signal is represented in the samples. The Nyquist rate is the minimal sam-
pling density at which an image or signal must be recorded (sampled). However, because
of the limited optical resolution, the (inter)sampling density has neither to be below a cer-
tain limit. If for confocal data aquisition, the Nyquist criterion is taken into consideration
the analogue image information should be completely transferred to the digitised image.
Between the highest spatial frequency of interest in the data and the minimum rate at
which samples must be taken if they are to record all the possible significant variations in
that signal accurately, there is afixed relationship: The sampling frequency for nonperiodic
data should be at least twice or 2.3 times higher than the highest frequency present in the
signal that isto be sampled.

Undersampling, i.e. a sampling rate lower than the Nyquist rate brings about a serious
problem as spatial frequencies get ‘aliased’, i.e. fine details in the object get represented by
structures at a different scale. Aliasing artifacts emerge in different ways, e.g. undersam-
pling a regular pattern creates low frequency waves, sampling geometrical objects (having
an infinite Nyquist rate) nearly always results in ‘jagged’, for instance lines in a digitised
image.

Using the spatial frequency bandwidth for a (perfect) confocal microscope, the Nyquist
rate can be expressed asit is described in Porwol et a. in Methods Enzymol. 307 (1999)

with one correction.
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The lateral sampling distance for the confocal microscope perpendicular to the optical axis
is:

I
D= : (1)

8nsina

for incoherent imaging.
In the depth dimension the corresponding distance, i.e. the distance between the recorded
sections along the optical axis can be expressed as

I

- - 2
D: 4n(1- cosa) @ or
D= | ()  (Kriete 1992)
gnsinz 9
e2g

witha = arcsin (NA/n) as the numerical apertureis NA =nsina,
with n the refractive index of the mounting medium,

| the used wavelength , Porwol et al. propose of the emission light (that means the middle of the used optical filter).

Perpendicular to the optical axis the Nyquist rate is only dependent on the N.A. and the

emission wavelength.:

_ g
D= ansna and a = arcsi ng - (4
|
= = 5
> 8ngarCS| neNAuO an N% ©
8 n Hg
I
= D= TV (6)

The refractive indices n were determined with a refractometer at room temperature 23°C

and represented in Table 7_4.

Medium Mowiol |PBS Vectashield Aquabidest | Immersion ail

n 1.4025 1.334 1.452 1.508 1.334

Table 7_4 Therefractive indices of the used mounting and immersion media

The mounting media are Mowiol, PBS, and Vectashield. The objective lens (immersion

media) are Aqua bidest. and Immersion oil.
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E.g. the sampling distance Dy for the green fluorescent microspheres, TPECLSM was:
Emission maximum and middle of the emission filter: 515 nm

Mounting medium: PBS, refractive index ness1.334

using 2 Photon Excitation wide field and

the water objective, Magnification: 60x,

D,=1/8* 515 nm: 1.2 = 53.646 nm, the sampling distance

D,=515nm: (4* 1.334* (1 —cos (arcsin(1.2/ 1.334)) = 171.373 nm.

The digitisation with the confocal LSM took place with a bit shorter sampling distance, i.e.
dightly oversampled to be sure not to undersample the probe.

P The applied sampling distances were D, = 53.516 nm, D, = 150 nm.

As we used a Piezo instead of the z-drive aong the z-axis multiples of 50 nm could be
taken as sampling distance D,, therefore in this case D, was 150 nm.

For one photon excitation, the Huygens System User’s Guide recommends to take for | the
excitation wavelength to be on the safe side as the local resolution in the confocal micro-
scope depends 50% on the excitation light (first pinhole) and 50 % on the emission light
(second pinhole). As the set up of the confocal microscope has its limits of precision a
compromise was taken. The used sampling densities, and the performed optical sections
for the measured and theoretical Point Spread Functions are listed in the following Tables
7 5and 7_6:

Exc Objective [T (pinhoie | Medium | EmFilter | Axis | Sampling Pixel
(nm) (X) (um) (nm) distance (nm) | exp (the)
798 60 WF Vectash. |515+15 X,y |55.469 96

z 200 80 (78)
798 60 WF Mowiol [590+30 [Xx,y |60.937 90

z 200 80
798 60 WF PBS 515+ 15 |Xx,y |53.516 98

z 150 96
798 60 WF PBS 590+30 |x,y |58.203 90

z 150 96
798 60 WF PBS 620+30 |X,y |64.453 84

z 200 70

Table7_5 Sampling distances for PSFsfor TPE LSM
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Exc Objective | T (pinnole) | Medium | EmFilter | Axis | Sampling Pixel
(nm) (x) (um) (nm) distance (nm) | exp (the)
488 40 10 Vectash. |515+15 |X,y |49.219 80 (76)

z 150 60
5435 |40 10 Mowiol |590+30 |X,y |56.250 80 (76)

z 150 64
488 60 10 Vectash. |515+15 |X,y |53.516 70

z 200 50
5435 |60 10 Mowiol [590+30 [X,y |58.203 72

z 200 56
488 60 10 PBS 515+15 |x,y |48.828 80 (78)

z 150 64
5435 |60 10 PBS 590+30 |x,y |61.328 70

z 150 70
5435 |60 25 PBS 500+30 |x,y |61.328 80

Z 150 72
5435 |60 WF PBS 590+30 |x,y |121.875 384

z 350 60

Table7_6 Applied sampling distances for one photon excitation CLSM

The sampling densities given by Equations 2 and 6 represent what is needed to exactly
reconstruct the original, non-sampled, image function. In practise, the spatial frequencies
close to bandwidth limit only contribute little to the image signal and the highest spatial
frequencies are attenuated due to abberations and other factors in a real imaging system.
Therefore in many practical situations larger sampling distances than those given by the
eguations can safely be used, which was done during cell imaging. A benefit of using
larger inter-sampling distancesis that light from alarger specimen area can be collected for

each pixel value, thereby giving an improved signal-to-noise (S/N) ratio. However a trade-
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off between quality and image size cannot be made. (Kriete 1992, Pawley 1995, Porwol et
al. 1999, Scientific Volume Imaging 1997)

7.4.6 The microscopic Point Spread Function

The prepared specimen were measured after having adjusted the beam of laser light by the
micrometer screws for x, y direction for optimal illumination of the specimen. The mi-
crometer screw of the z direction had been adjusted once and should not be changed during
the daily operation. A slide of a fluorescent stained cut of a pine tree.... was used for opti-
misation.

The field z was chosen for 64 optical dices, i.e. 64 pixel.

Theregion (field) of interest (zoom) was chosen for 512 x 512 pixel.

The focal plane of the microscope had been adjusted with the middle (zero) of the z motor,
so that the middle of the beads, when focused by the inverse microscope in the epi illumi-
nation fluorescence mode were almost in the middle of the z series when switching to the
confocal mode.

Two different objective of the inverted microscope ECLIPSE TE 300 from Nikon were

used to image the point spread functions:

Objective lens system Magnification | NA Immersion medium | Working Distance (mm) Cover glass thickness (mm)
Pan Fluorite 40 x 1.3 | Qil 0.2 0.17
Plan Apochromat |60 x 1.2 | Water 0.22 With cover glass correction

Table7_7 Used Objectives for measuring the psf

Both objectives are ‘infinity corrected’ (¥), i.e. the intermediate image could be located at
infinity, as the rays of the light beam leaving the objective are parallel. They can be used
for differential interference contrast microscopy (DIC - H) with a module H for the con-
densor. They are corrected for field curvatur, giving aflat, i. e. planar, image of the sample
(Plan). Both objectives are chromatic aberration free, the Fluorite (Fluor) objective is cor-
rected for two wavelength (green and red), bringing the focus points of rays with various

colours increasingly low, the Apochomate (Apo) objective is even corrected for three

64



MATERIALS AND METHODS

wavelength (Fraunhofer lines: green, red, blue) have a magnification power of from 40 x a
60 X. The oil objective had to be used for the observation of the samples with a cover glass
0.17 mm thick to reduce spherical aberration. Therefore we used corrected cover glasses of
0.17 mm = 0.1 mm thickness and then 0.17 mm was chosen as cover glass correction for
the water objective. The lens aperture of both objectives are very narrow to have best per-
forming quality, the highest possible NA until now is 1.4, because of the needed working
distance. (Castano et al. 1998)

7.4.6.1 Dynamic Range & PMT Gain and Offset: Signal optimisation

The image dynamic range is the ratio between the brightest structure of interest and the
dimmest. The dynamic range of the confocal microscope is limited by the 256 levels of the
8-bit analogue to digital converter (A2D, the video frame grabber), which takes the optical
signa from the PMT and converts it into a number (0 to 255). (The dark adapted eye has a
dynamic range in excess of 1 to 10000.)

Because of the limited dynamic range of the A2D converter it is crucia to set the minimum
and maximum levels of the image to match the fixed range closely. Good matching was
achieved by carefully setting the offset and gain of the PMT, so that it output used the
fixed range of the A2D fully. The maximal pixel value could be determined by a histo-
gram.

If the signal was too weak, there were several possibilities to increase it. Asincreasing the
PMT gain roughly linear increase the photonic current, but exponential increase electronic
noise, it was preferred to increase the pixel dwell time for measuring the PSF (Minimum:
3.0 ps, Maximum: 20 us, for the PSF about 6 s were recommended, but cell imaging is
also very sensitive to increased pixel time because of photobleaching). The signal will be
integrated over alonger time period, resulting in a better output. In certain limits, the laser
power could be increased (e.g. from 5 to 5,5 Watt), which gives less noise, but increases
the rate of photo-bleaching (and the risk of bleed through, cross talk if scanning with two
channels - only in cell imaging).

On the other hand, if the laser power was too high, a neutral density filter could attenuate
the laser signal. Often the laser power had to be dimmed and the pixel dwell prolonged in
order to have agood signal output.
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In general signal to noise ratio depends on the dye concentration and its quantum yield, the

laser power, the pinhole size, the PMT voltage, the signal averaging and integration.

The imaged confocal data were transferred by FTP (File Transfer Protocol) to the worksta-
tion Silicone Graphics Octane (SGI)

7.4.6.2 Averaging the bead image

For typical confocal conditions beads should be smaller than 50 nm diameter in order to be
used directly as PSF, but because of Signal to Noise problems sufficiently bright objects of
this size does not exist, because of limited dynamic range of the A2D converter and
bleaching effects which limit the averaging count between 32 and 64.

This situation is remedied by averaging over a number of carefully aligned bead images.
This is only possible with beads of sufficient strength, limiting the minimum bead size.
Large beads, however, induce more uncertainty in the PSF reconstruction procedure. The
used beads are a good compromise between those contradictory demands. If devel opment
in fluorescent dyes, anti bleaching agents and microscope data acquisition systems prog-
ress, recording of smaller beads with a sufficient S/N ratio could become possible.

Signal averaging or integration is done by adding scans of the same object together and
dividing the result for each pixel by the number of scans. In principle, noise being random,
will approach zero with increasing number of scans averaged, while the signal being a fi-
nite value will approach the finite value. Signal to noise ratio will increase in proportion to
the square root of the number of scans performed, e.g. averaging four scans will yield an
image with half the noise compared to a single scan image. Therefore, several images from
different positions in the specimen were taken in order to have enough beads to get at least
acertain level of signal to noise ratio. For the sake of simplicity it is assumed that the PSFs
of the coherent optical system are fairly constant over the whole confocal image, even they
may vary from place to place in the specimen.

Some of the beads which were averaged to determine the experimental PSF, as they are
presented in the Huygens System 2 are shown in Figure 7_11ain MIP and in Figure 7_11b
asax,y dice in the middle of the z- extension. In this example four beads are imaged, but
only three are accepted, because the biggest one is overdone. Huygens2 count also the
background as one object, so the program will accept 3 out of 5. For these beads both the
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distance to each other and to the border of the image stack of z-dlices is far enough that

there is no disturbance or cut-off of the signal.

FIG 7_11 Green fluorescent microspheres (Latex beads) of 175 nm imaged with the 2P Laser Scan Confocal
Microscope viewed inthe Huygens2 System

ad Overview of the volumeimage dong the z-axis (MIP)

b) Thesection in the middleof the z-axis (orthogonal dice)

Maximum Intensity Projection (MIP): For each vertical column of voxels aray istraced and corresponds to
apixel inainthe 2D Projection Image: Thelargest vdueis selected and assigned tothe screen image.

7.4.6.3 Reconstructing the PSF from an aver aged bead image

As mentioned images of the beads cannot be directly used as PSF because the size of the
bead will broaden the bead image with respect to the PSF. Only with extremely small
beads this broadening could be neglected, which is not the case, therefore the PSF had &-
ther to be reconstructed from the averaged bead image.

This deconvolution is possible as the bead image is the result of a convolution of the un-
known PSF with the known object model, because more a priory information is available.
The type of microscope (confocal, conventional) and other important microscopic pa-
rameters like the finite-sized detector pinhole, high numerical aperture which were to be
specified in Huygens System 2 (see below) imposes constrictions on the shape of the PSF.
The axial resolution of a confocal microscope is roughly proportional to the square of half-
aperture angle. ‘ The key to obtain atheoretical PSF of a confocal microscope is the calcu-
lation of the intensity distribution at some point in the focal region of the objective.”’ (Van
der Voort, Strasters 1995, page 170) This involves evaluation of an integral over all an
plitudes on the reference sphere on the basis of electromagnetic diffraction theory. The

theoretical PSF is the product of the (1)computed excitation distribution near the focus of a
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perfect lens and the (2) computed detection distribution for an (i) infinitely small pinhole at
the effective emission wavelength convoluted with the (ii) pinhole geometry, i.e. i A ii is
second element of the multiplication. (Van der Voort, Strasters 1995)

A bead model with atheoretical PSF is computed automatically when starting the tool ‘ Re-
construct PSF . The Point Spread Function (PSF) was reconstructed from bead images by
following the User’s Guide of the Huygens System 2 for "How to get a microscopic PSF'.
First anumber of images at the used microscope settings were recorded, then the “average
spheres tool” (Average spheres with final baseline correction for the last image) was used
to align and average the individual bead images from the files. The parameters to be speci-
fied for this step were: the bead radius, and the estimated signal-to-noise ratio. Then more
parameters had to be specified. The bead image above were taken under the following

conditions:

Geometry (nm)

X, y sample size: 48.828 nm
zsamplesize: 150.00 nm
Optical parameters

Microscopetype: Widefield
Numerical aperture: 12

Pinhole radius (backprojected):

Refractive indexes:

Lens (Water): 1334
Medium: 1334
Parameter for channdl:

Excitation wavelength: 798 nm
Emission wavelength: 515 nm
Excitation photons: 2

For each measurement the parameters were specified, in particular
the x,y,z sampling distance; the microscope type (confocal for 1P, wide field for 2P), the
Numerical Aperture NA (1,2 for the water , 1,3 for oil immersion objective),

the backprojected pinhole radius of the circular detector aperture ry = rpnys / (Mo X Msystem)

with 1y the physical pinhole radius: 10 pm in general or 25 pm for the big pinhole,
Mgy, the magnification of the objective = 40 x or 60 X,

Mgysem, the magnification of the system =1

(Toaox) = 250 nm for the small, 625 nm for the big pinhole,

Teox) = 167 nm for the small, 417 nm for the big pinhole),
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for refractive indexessee Table 7_4

the excitation wavelength 798 nm for 2P, 488 nm or 543 nm for 1P,

the emission wavelength, i.e. the middle wavelength of the used optical filter, 470 nm, 515
nm, 535 nm, 590 nm or 620 nm, and

the excitation photons 1 or 2.

The mean background, i.e. the average background in a non-object area in the image, in
cluding the baseline and the average background noise was estimated by the analysis tool
“Estimating background”, and the maximal voxel value determined by the anaysis tool
“Compute histogram” or by the view tool “Image statistics”

The signal to noise ratio was cal culated with the following formula

s _ W -
N background

This S/N ratio should be beyond 20 for good results. The usual range is 30 (averaged set of
poor confocal bead images) to 60 for a single bead image recorded with a high quality WF
microscope.

Then the PSF was reconstructed and stored in ICS image format. With the parameters
specified for the experimental point spread function (PSF) the theoretical PSF was com-
puted.

As the reconstructed experimental PSF should completely determine how images are
formed from fluorescent objects in the used microscope, a control was done. Beads used
for reconstructing the 2P PSF from green fluorescent bead images in PBS were deconvo-
luted with the reconstructed PSF itself in order to see if the obtained image corresponds to
reality.

Those generated experimentally measured PSF were used to deconvolve the images of the

human hepatoma HepG2 cells.
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7.5 Tissue culture and Staining of the human hepatoma Hep G2cells

7.5.1 Cultivation of HepG2 cdll line

The human hepatoma carcinoma cell line HepG2 (ATCC HB 8065) was delivered frozen
a the 107" passage. The cells were defrozen and maintained in RPM 11640 medium, with-
out Glutamine, Phenol red 5 mg/l, supplemented with 10 % of BMS and 1% of Penicillin
/Streptomycin (10000 1U/10000 pg/ml). Alternatively of serum, 2 mM stable Glutamin (N-
acetyl-L-alanyl-L-glutamine was added. Cells were routinely cultured in tissue culture
flasks at 37 °C in an incubator containing 5 % CO, in humidified air. Cells were passaged
once aweek to 25 cm? culture flasks with an initial number of 1 x 10° cellsin 5 ml RPMI
the medium was renewed (5-7 ml) every two to three days. After 3 to 11 passages, cells
were used for experiments (sample preparation).

7.5.2 Preparation of the cell specimen

Cover glasses with a diameter of 12 mm were coated with 300 pl of Poly-D-Lysin (0.1
pg/ul in bidest, steril filtered), incubated 30 min at 37°C, washed two times with sterile
PBS

The cells after being washed two times with PBS or medium were detached with Trypsin-
EDTA (3 ml per 250 ml tissue culture flask). To speed up the detachment the flask was put
for about 10 min in the incubator and as soon as the adhesion had gone the process was
stopped with medium containing BMS. The cells were sown in the four-well dishes with a
density of 0,2 to 0,3 x 10%/ml. Medium was added and the cells were grown 24 — 72 h, gp-

proaching confluence, before being used for staining.
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7.5.3 Dyes

The stock solutions of the dyes and the handling solutions were prepared as it is described
in the following paragraphes.

7.5.3.1 DAPI, (4 ,6-diamidino-2-phenylindole dihydrochloride)

Detailed structure is shown in paragraph ‘ Two photon fluorescence spectroscopy’
Stock solution: 25 mM in Aqua bidest (storage -20°C/4°C),

1:5diluted in DMSO (5 mM), 1:200 diluted in PBS, final concentration: 25 uM
DAPI isan organelle specific dye for nuclear DNA.

75.3.2 2',7'-dichlor odihydrofluorescein diacetate (2',7'-dichlor ofluorescin di-
acetate;) H,DCFDA (cell permanente)

Molecular Formula: C,4H16Cl,04
Molecular Weight: 487.29 g/mol
(D-399) Mobitec (Gottingen)
CAS Number/ Name: 4091-99-0/
Benzoic acid, 2-[ 3,6-bis(acetyloxy)-2,7-dichloro-9H-xanthen-9-yl]-

11 mM Stock solution in DM SO, final concentration in PBS: 11 uM
Structure for H.DCFDA

i i

EH:.a -C=0 O 0-C -CHS

FIG 12 Chemica Structure for H,DCFDA
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2,7 -Dichlorodihydrofluorescein-diacetate, also known as dichlorofluorescin, is the di-
acetate derivative of 2", 7"-dichlorodihydrofluorescein and is quite stable. Intracellular the
acetates are cleaved by endogenous esterases, releasing the corresponding dichlorodihydro-
fluorescein derivative, the chemically reduced form of 27,7 -dichlorofluorescein, a color-
less, nonfluorescent leuco dye. It has been reported that H,DCF is not directly oxidised by
either superoxide or free hydroxyl radical in agueous solution.

The hypothesised reaction mechanism for the oxidation of H,DCF to DCF is the same as it
is explained in the next paragraph for Dihydrorhodamine 123. The reaction takes place at
the equivalent bonds. Fluorescein belongs to the Xanthen (Phtalein) (Dibenzo-g-pyran)

pigments.

7.5.3.3 Dihydrorhodamine 123 (DHR)

Molecular Formula: C,1H1sN503
Molecular Weight: 346.38 g/ mol
CAS Number/Name: 109244-58-8 /
Benzoic acid, 2-(3,6-diamino-9H-xanthene- 9-yl)-, methyl ester
(D-632) Mobitec (Gottingen)
25 mM Stock solution in DM SO, handling concentration in PBS: 25 uM,
final concentration: 10 uM (150 pl PBS and 100 pl handling sol ution of DHR)
Structure for DHR

FIG 7_13 Chemical Structurefor DHR
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Dihydrorhodamine 123 is the uncharged and nonfluorescent reduction product of the mito-
chondrion-selective dye rhodamine 123. This leuco dye diffuses passively across most cell
membranes and is oxidised to cationic rhodamine 123, which localises in mitochondria.
The selective uptake is dependent on the mitochondrial membrane potential. The fluores-
cence is quenched by a high reduction potential and increases with mitochondrial depolari-
sation. (Ehleben et a. 1997) Like H,DCF, dihydrorhodamine 123 (DHR) does not directly
detect superoxide, but rather reacts with hydrogen peroxide in the presence of peroxidase,
cytochrome ¢ or Fe?*. The proposed chemical conversion of the colorless DHR to Rho-
damine 123 is shown in Figure7_14. Rhodamine is a Diakylaminoxanthen and can be ob-

tained by condensation of 1 mole Phthalacid anhydride with 2 mole of a 3-Aminophenol.

7.5.3.4 MitoTracker & RedCMXRos (MT)

For details see paragraph ‘ One Photon Fluorescence Spectroscopy’

Stock Solution: 1 mM in DM SO (50 pg powder were solved in 94 pl DM SO)
Solution for handling in PBS: 10 pM

Final concentration: 400 nM

MitoTracker RedCMXRos, a rosamine, is a cell-permanent mitochondrion-selective fluo-
rescent stain that contains a mildly thiol-reactive chloromethyl moiety. During labeling
MitoTracker passively diffuses across the plasma membrane and accumulates in active
mitochondria.(of living cells) There it can react with accessible thiol groups on peptides
and protein to form an aldehyd-fixable conjugate. The dye is retained after passing the
membrane, therefore double-labelling is possible. The uptake is dependent on the mito-

chondrial membrane potential.

7.5.4 Staining procedureof the human hepatoma (HepG2) cells

The cells were grown in tissue culture up to 72 h on a coverdlip (corrected thickness of

0,17 mm). The staining procedure always started by staining the mitochondria by Mito-
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Tracker RedCMXRos. 240 ul of the RPMI medium in which the cells were grown were
kept back, 10 pl handling solution of MitoTracker RedCMXRos was added to obtain a
final concentration of 400 nM. The cells were stained 30 min at 37°C in an (dark) incuba-

tor containing 5 % CO, in humidified air. The cells were washed three times with pre-

heated (37 °C) PBS. Then either the cells were stained with 10 uM Dihydrorhodamine
(250 pl) 25-30 min at 37 °C in an incubator containing 5 % CO, in humidified air or the
cells were stained with 11 pM H,DCFDA (250 pl) 45 min at 37°C under the same condi-

tions. Again the cells were washed three times with preheated PBS.

If the nucleus was stained, cells covered with 199 pl PBS and 1l of 5 mM DAPI were put
in the well of afour-well plate. Staining took place for 5-10 min at room temperature in the
darkness. The cells were washed three times with preheated PBS (20 °C).

After the cells being stained with two or three dyes and being washed, the cover glass with
the cells was put inversely on an object slide. The cover glass was immediately surrounded
by nail enamel. The microscope dlide with the specimen was put in the dark until the nail

enamel became solid, the surrounding with the nail enamel was repeated once to be sure
that the sample will not run dry during confocal microscopy and to have optimal conditions
for the cells to be examined. As soon as the nail enamel became solid, the cells were im-

aged, the confocal microscope being optimal adjusted in advance.

7.5.5 |deal propertiesfor dyes

Properties for an ideal agent for localising endogenous ROS and to detect changes in con-
centration and production rate of specific reactive oxygen species would be: (a) cell mem
brane permeability such that significant intracellular concentrations are achieved, (b)
minimal cellular toxicity, (c) conversion from the nonfluorescent to fluorescent form of the
probe, (d) intracellular sequestration of the fluorescent, oxidised form of the probe. aand b
arerequired for all (intra)cellular dyes which are used for visualisation of living cells.

The esterified form of dichlorofluorescin, dichlorofluorescin diacetate, crosses cell mem-
branes and then is deacetylated by intracellular esterases. The resulting compound, dichlo-
rofluorescin, should be trapped within the cell and is susceptible to reactive oxygen spe-
ciessmediated oxidation to the fluorescent compound, dichlorofluorescein. Already used
for detecting H,O, revealed that the oxidation rate with H,O, alone was slow. H,O, medi-
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ated oxidation is markedly increased in the presence of iron. (Royall, Ischiropoulos 1993

and references therein)

7.5.6 Oxidation Mechanism of H,DCF and DHR by ROSto DCF and RHO

H,DCF and DHR have a great homology in chemica structure shown in Figure7_14a.
Therefore the same chemical conversion of colourless dihydrorhodamine 123 and colour-

less 2',7-dichlorodihydrofluorescein can be proposed.

DHR and DCDHF

RH 123

-NH2 or -OH A
hot spot — | *OH =— Fenton reaction

0
n

-H or -Cl

A
X
n

DHR 123
-COOCH3 or -COO

A
w
]

FIG 7_14a Chemica structureof DHRand DCF  FIG 7_14b: Diffusion within the tissue of oxidised dye
(Porwol et . in press2001)

DHR 123 and 2',7'-DCF are getting oxidised by ROS. DHR 123 in particular scavenges
"OH generated from H,O, in an iron-dependent perinuclear Fenton reaction (see below).
Thereby it is converted into fluorescent rhodamine 123 (H,DCF in DCF). The oxidation of
both dyes is chemical irreversible and is mediated by a Fenton reaction generating hot
spots of fluorescent rhodamine (RH) 123 (or 2', 7' -Dichlorofluorescein) which diffusesinto
the tissue. (Figure7_14b)

The reaction with H,O; is rather slow under ambient conditions. The addition of iron com-
pounds either free or bound (cytochrome c) yields in a fast oxidation to the fluorescent

indicator.
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Therefore the following reaction mechanism is proposed for the conversion of nonfluores-
cent dihydrorhodamine 123 to rhodamine 123 (and equivalent for the conversion of non-
fluorescent 2', 7’ -dichlorodihydrofluorescein to 2',7’ -dichlorofluorescein): The reaction of
"OH with dihydorhodamine 123 under production of water yields a tertiary free radical.
This is known to be rather stable. The radical is able to rearrange the p-electron system
(outlined by arrows on the bottom right hand side of Figure 7_15) The electron in excess
can either be abstracted by another "OH resulting in an hydroxyl anion OH" or by hydro-
gen peroxide generating additionally an hydroxyl radical. The latter reaction can be the
starting point for a new cascade. (Ehleben 1997)

H:N C O i NH,
c-och, dihydrorhodamine
G % (colorless)

slow reaction l +H,0,

HoN~ -0 NH,

| A +H,0+0H"

Q"OCH, rhodamine 123
o OH

_+
H,M Q NH; HaM - Ny
+OH +OH"
QCH; or
\\OCH.; +HC] ©/q\0 +0OH
(o]

FIG 7_15: Proposed chemical conversion of colorless dihydrorhodamine 123 to fluorescent rhodamine 123
in reaction with H,0, mediated by ‘OH. (Ehleben et al. 1997)
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7.6 The Laser Scan Microscope System

For one and two-photon fluorescence imaging the compact confocal microscope system of
Nikon (Personal confocal microscope (PCM) 2000) was used.

7.6.1. The one and two photon excitation units

The one photon excitation (OPE) continuous wave laser light from the Helium Neon laser
and / or Argon lon laser goes directly through a glass fiber to the Scan head with one ex-
citation and two emission channels connected to an inverted microscope.

The two photon excitation (TPE) pulsed laser unit consists of three components. The Di-
ode-Pumped Laser (Verdi™V-5), the Titanium-Sapphir laser (The Coherent Mira Model
900-F Laser) and the MIRA-GDC (Grating Dispersion Compensator). The laser beam is
divided in two parts in the GDC by a dichroic mirror. One part is used for beam diagnos-
tics, eg. for determination of the puls width by an autocorrelator and to monitor spectro-
scopic parameters like wavelength spectrum of the pulsed laser by the laserspectrometer
APE, Wavescan VIS. (see beam diagnostics below), the other part of the laser light will
pass through a glass fibre from the GDC to the Post Fibre Compressor (PFC) which is
pegged to the Scan head when using two photon excitation.

The following pages are illustrating the used laser microscope system for one and two
photon excitation fluorescence imaging. First a photo of the two photon excitation LSM is
shown in Figure 7_16, then an schematic drawing of the TPE confocal laser scanning m-
croscope using the PCM2000 scanning head coupled to conventional (1P) or pulsed (2P)
sources using the same optical path within scanhead and microscope is demonstrated in
Figure 7_17.

FIG 7_16 Two Photon Excitation Laser Scan Microscopy (see next page)
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Beam diagnostic

I 2P LA SIER

| MIRA-GDC MIRA 900-F
LASER & . 5
MODULE TE300 &
| : g <
L : & =
- [
4 -
B
T

i
‘_‘ PCM2000
=,

S

POM2000 Controlles
EZ 2000

FIG 7_17 Schematic drawing of the TPE confocal laser scanning microscope using the PCM 2000 scanning
head coupled to conventional (1P) or pulsed (2P) sources using the same optical path within scanhead and
microscope. The excitation at PCM 2000 input can be easily switched to single photon excitation using sin-
gle-mode fibre delivery. Dichroics, pinholes, and filters can be inserted or removed using manua dliders.
PCM 2000 electronics, governing scanning and acquisition, is completely computer controlled. Beam diag-
nosticsis performed using the laser spectrometer APE, wavescan VIS, an optical power meter from Newport,
and an autocorrelator. (Diaspro et al. 1999)
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7.6.2 One photon excitation

7.6.2.1 The Argon-lon L aser

A ring discharge takes place in a rectangular tube with two different diameters. The laser
path has a smaller diameter than the excitation path. The laser path is situated in a resona-
tor, consisting of a spheric mirror and a prisma, resulting in a continuous beam output with
only transverse mode. (Tradowsky 1979) The power of the used Ar * Laser (488 nm) ou-
put is high about 15- 30 mW, 5.5 Ampére. At the end of the fibre entering the scan head
through a neutral density filter, the output was between 6.5 mW and 7.4 mW. In front of
the objective used for visualising cells an average power of about 1.5 mW — 2.9 mW was
measured. As the discharge in ionised gas (plasma) is connected with high electric cur-
rentthe laser has to be cooled..

7.6.2.2 The Helium-Neon L aser

In this gas laser Helium has afilling pressure of 1 Torr, Neon only 0.1 Torr. This mixture
is necessary for the excitation in the gas discharge of ionised atoms. Helium is necessary to
get the inversion, the transition of Neon is the output of the laser. Energy resonance oc-
curing at the 2's energy level of Helium is corresponding with the 3s level of Neon and the
2°s level of Helium corresponds to the 2s-level. A lot of atoms are lifted to the high ener-
getic levels of Helium as there are ten times more atoms in the gas. These levels are me-
tastabile as trangition to the ground state is forbidden. The energy is given to the Neon a-
oms. They will reach the 1p level over the 2p level which islower than 3s or 2s levels. The
1p level is depleted by inelastic shocks. From the 2p level a high spontaneous emission
exist.

As the excitation takes place in atube of Quartz the laser beam has to be linear polarised to
be able to pass through the final window of the tube within the resonator without losses.
(Tradowsky 1979)

The power output of the HeNe Laser (543.5 nm) at the end of the fibre was 0.5 mw
(maximal 0.78 mW)
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7.6.3 Two photon excitation pulsed laser

7.6.3.1 Pulsed laser parameters

The excitation wavelength of the laser light of the two photon excitation confocal laser
scanning microscopy was 798 nm, the Full Width Half Maximum of the modelocked
Ti:Sapphir laser was 13.02 nm. The laser had an average power of 40 mW before entering
the scanning head, operating at a pulse (repetition) rate of a 76 MHz pulse with a pulse
width of about 120 fs (10 s) (, that means light was just covering 36 pm in this time).
Further the Ti:S laser had the following parameters:

Energy per pulse = average power/pulse =40 mW / 76 MHz = 0.526 nJ

Peak power = energy per pulse/pulse width = 4386 W

Duty cycle = pulse width * pulse rate = 0.000912 %

Period (time between the pulses) = 131.58 us

(Coherent 2000)

In front of the Nikon 60x/1.4 NA water immersion IR objective used for visualising cells
an average power of about 2 mW was measured. NIR fs pulses were fed into the scanning
head by alight fiber after being compensated for the positive dispersion of the fibre (in the
Grating Dispersion Compensator, Post Fiber Compressor).

7.6.3.2 The Verdi V-5 Diode Pumped L aser

Each laser requires a pumping source, a high reflector, the gain medium and an output
coupler/partia reflector. The resonator consist at least of two mirrors enclosing the gain
medium. Within the resonator standing waves are formed, called modes. The beam profile
and subsequently the beam divergence is depending on the mode profile. The sightest d-
vergence is achieved when the laser is oscillating in the fundamental TEMy-mode. Diode
pumped laser use laser diodes for exciting the gain (laser) medium, which is mostly a solid
crystal.

The compact solid-state Verdi V-5 diode-pumped Laser frequency-doubled Neodymium
Vanadate (Nd:YVO,) laser that provides single-frequency continuous-wave green (532
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nm) output with low noise at power levels greater than 5 Watts is required as pump laser to
excite Titanium in the Ti:S laser. It is a good pumping source as its whole pump power
(about 90 % within 10 nm) emits exactly at the absorption wavelength of its own gain me-
dium, resulting in an efficiency of over 50 %, having a very good electric-optical effi-
ciency.

The laser head utilises a Neodymium Vanadate (Nd:YVQO,) crystal (Neodymium ions are
doped into a yttrium orthovanadate) as the gain medium (which is held fixed at a nominal
setting of 30°C) with the pump power provided by fiber delivery. The characteristic lasing
wavelength of neodymium-doped vanadate is nominally 1064 nm (near-infrared region of
the optical spectrum). This infrared light is in fact the oscillating or “fundamental” wave-
length of the Verdi V-5 resonator. Advantages of ND:Y VO, are the high absorption of the
pump radiation and the high amplification, the uniaxia birefringent of the crystal associ-
ated with a natural polarisation. Therefore no further optical elements in the resonator like
a Brewster plate for polarisation is needed for the following frequency doubling process
thus the efficiency is increased. The nonlinear medium (frequency doubling crystal / sec-
ond harmonic generation) is a Type |, non-critically phase matched Lithiumtriborat (LBO)
birefringent crystal held at approximately 148 °C. The laser head optics are schematically
represented in Figure7_18.

Astigmatic
Compensator

L1 -
Optical Etalon
Diode a
Output

FIG 7_18 The Verdi Diode Pumped Laser Head Optical Schematic (Coherent Laser Group 1998)

The design is aring cavity, employing intracavity second harmonic generation, single d-
rection lasing is accomplished with an intracavity optical diode that induces lower |osses
for light travelling around the ring in the preferred direction in comparison to the counter-
propagating direction. Single-frequency selectivity associated with unidirectiona oscilla-
tion is further enhanced with a temperature-stabilised intracavity etalon as the single-
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frequency optic (Temperature range: 25 °C to 75 °C). The resonator also incorporates a
Brewster-plate compensator to eliminate the astigmatism, associated with the use of
spherically curved mirror surfaces at non-normal incidence angles; and can be categorised
as an “end-pumped” design with two pump mirrors, in which the pump light from the d-
ode bars propagates collinear to the optical axis within the gain medium. Careful control of
the spatial overlap between the mode volume defined by the resonator geometry with two
end mirrors and the actively pumped volume of the gain medium constrains laser oscilla-
tion to the lowest-order transverse mode (TEMgy, mode operation, which is oscillating in
direction of the axis). This can be achieved by adjusting the mirrors without “hard” aper-
tures that can introduce beam distortions through diffraction effects. Output optics are a
collimating lens and a pair of high-reflectance beam-steering mirrors (external of the laser
resonator but still within the sealed resonator enclosure) that allow adjustment of the out-

put beam position.

7.6.4Mira Model 900-F Laser

The Model 900 Mirais a modelocked ultrafast laser, consisting of the laser head and con-
troller, tunable from 710 to 1000 nm. A Titanium:sapphire (Ti:S) crystal is used as gain
medium. The technique used to modelock the Mira laser is referred to as Kerr Lens
Modelocking (KLM), an al-solid-state technique. The schematic diagram of the optical
cavity of the Coherent Model 900-F is shown in Figure 7_19.
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Pump Beam

ME

M3

FIG 7_19 Optical schematic of the Coherent Model 900-F Ti:sapphire laser. M 1, output coupler; M2, M3,
M6 and M7, high reflecting mirrors; M4, focussing mirror coated to pass the pump beam and reflect the
intracavity beam; M5, focusing, high-reflector mirror; XTL, Titanium:sapphire (Ti:AlOs) crystal; P1 and P2,
prism pair for introducing negative GVD; L lens. (Fisher et d 1997)

Features included in this system are an auxiliary cavity which produces an alignment
beam, built in alignment apertures, an internal power meter, and an internal fast photodi-

ode. They aid to align and to optimise the output.

7.6.4.1 Single Pulse Properties

If the laser is model ocked, a single short light of pulse bounces back and forth between the
mirrors within the cavity. A small portion of the pulse escapes from the output coupler at
each bounce to form the output of the laser. The time between the pulses is equal to the
time it takes for light to make one round trip from the output coupler to high reflector at the
other end of the cavity back to the output coupler, in the case of Mira Model 900-F laser
approximately 13,2 ns, the inverse of the time is the repetition (rep) rate (pulses per sec-
ond) or “frequency”: 76 Megahertz.

As atoms excited by the passage through the gain medium return to the ground state, emit-
ting light, insufficient atoms are in the exited state for a period of time after passage to
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form and amplify another pulse. Consequently only a single pulse is formed at a time, the

output consists of a sample of this one pulse periodically arriving at the output coupler.

7.6.4.2 Kerr lensformation

The laser is passively self-modelocked using the optical Kerr Lens Effect, i.e. a nonlinear
process of self-focusing which changes the spatia profile of the beam produced, as an op-
tical medium placed in a strong electrical field changes its index of refraction (Light is an
electromagnetic wave). Like the two photon absorption the Kerr effect occurs via the third-
order susceptibility, c, i.e. the Kerr lens is only formed when the intensity of light is ex-
tremely high, which is the case for the focused Gaussian laser beam. Because of the non-
linear light-induced change in the index of refraction inside the Ti:sapphire crystal, illus-
trated in Figure 7_21, the crystal acts as lens, focusing the higher-peak power (mode-
locked) mode of operation to a greater extent than the lower-peak-power continuous wave
(cw) mode, resulting in higher round trip gain in the model ocked (differential gain) versus
cw (differential loss) operation. As self-focusing concentrates the high-peak-power part of
the intracavity beam in the centre of the Ti:sapphire crystal , where gain is the highest,
differential gain occurs due to an increased overlap between the pumped gain profile and
the circulating cavity mode. In addition, an aperture is placed at a position within the cav-
ity enhance the loss (differential 1oss) in the CW operation, represented in Figure 7_20.
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CW Beam Cross Section Modelocked Beam
Cross Section

Slit open — no loss Slit adjusted for
for either modelocking modelocking — more
or CW. loss for CW.

FIG 7_20 Beam cross section of the Mira Saturable Absorber System (Coherent Laser Group 1997)

Titanium:Sapphire
Crystal

¢ \ B

Modelocked beam CW beam
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FIG 7_21 Beam geometry of the Mira Saturable Absorber System (Coherent Laser Group 1997)

7.6.4.3 M oddocking

A laser can operate at a number of wavelengths which satisfy the condition that an integral
number of half wavelength will "fit” between the high reflector and the output coupler (la-
ser cavity). Each of these wavelengths is called longitudina mode. Several modes, lasing

simultaneously, add to each other, but only when the phase between each mode is adjusted
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non-randomly and held constant, the peak power become much larger and the random
spiking between these pulses diminishes. This is referred to as locking the modes together,
hence the term modelocking. The larger the number of modes locked together, the higher
the pulse intensity and the narrower the pulse. The frequency of the pulses is precisely
egual to the frequency separation of adjacent longitudinal modes. The resulting pul sewidth
depends upon the gain bandwidth of the laser medium, the accuracy of the frequency set-
ting, and the stability of the laser cavity. The Mira Ti:Sapphire laser generates model ocked
pulses with output pulsewidth in the 50 fsto 150 fsregime.

7.6.4.4 Advantages of Kerr lens mode-locking

The Kerr lens mode-locking is not wavelength dependent, because no molecular resonance
isrequired for saturable absorber action and the cavity length need not to be tuned to sub-
micrometer resolution, as in synchronously pumped systems, to maintain model ocking.
Group velocity dispersion compensation is used to produce near transformed pulses of 200
femtoseconds.

7.6.4.5 Pulsewidth

The product of the pulsewidth and the spectral bandwidth of a laser pulse have a lower
bound (i.e. DI x Dt 3 Constant) due to the uncertainty principle. Thus as the pulsewidth
decreases, the spectral bandwidth inceases and a 70 fsec pulse is spread over 13 nm. (Denk
et al 1995)
Further group velocity dispersion (GVD) and self-phase modulation (SPM) broaden the
short pulsewidth in the Ti:sapphire laser. GVD results from the wavelength dependance of
the index of refraction of various cavity optics, therefore individual frequency components
in the pulse passing dispersive materials like a glass (silicon) fibre (SIO,) have different
velocities. Intracavity elements like the Ti:S crystal, the dielectric mirror coatings (M1-M7
in Figure 7_19), and the birefringent filter (BRF) cause positive GVD (wherein red spectral
components with a longer wavelength travel faster than blue ones with a shorter wave-
length) The smaller the pulse width, the larger the corresponding optical bandwidth, the
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higher the introduced positive GVD. The gain of the Ti:S crystal determines the passive
bandwidth, the bandwidth of the mirror coatings and the BRF have to be added. Dispersion
experienced inside the cavity is balanced with a prism pair (components P1 and P2 in Fig-
ure 7_19) to introduce negative GVD.

Self-phase modulation is a second intensity dependent nonlinear Kerr effect appearing
during KLM as the local index of refraction is dependent on the light field intensity. SPM
affects the spectrum of the pulse and is responsible for spectral narrowing in consequence
of energy transfer from blue to red end of the spectrum and vice versa, resulting in longer
pulse length. The leading and trailing edges of the pulse will cause less change in the index
than the centre, therefore parts of the pulse move faster, thus altering the pulse shape, gen-
erating new optical frequencies or eliminating others and introducing a time-dependent
phase shift. The frequencies are inherently chirped and broaden the pulse unless the chirp,

which is either positive, is compensated.

7.6.5 The Grating Dispersion Compensator (GDC)

The fempto-MiraGDC consists of the grating dispersion compensator (Pulse Strechter),

the fibre (3 m), and the post fibre compensator unit (PFC) (Final Dispersive Unit). In order

to compensate for the wavelength-dependent speeds introduced by the glass fibre, the
GDC-Unit stretches the pulse dependent on its wavelength bandwidth (about 10 nm at 800
nm) on about 6 ps by putting high frequent parts of the light in front of low frequent parts,

introducing a negative chirp. The glass polarisation-preserving single-mode fibre will re-

duce this pulsewidth to about 3 ps because of its properties and the length of 3 m, until the
pulse is entering the post fibre compressor. There the pulse will be corrected and recom-

pressed to obtain the original length of 120 fs, before it will enter the scanhead of the
CLSM (PCM 2000, nikon).

The following Figure 7_22 exemplifies the grating dispersion and its compensation of a

pulse on its way to the scanhead.
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FIG 7_22 GDC System Schematic (Coherent Laser Group 1999)

7.6.5.1 The Pulse Stretcher

The GDC (Pulse Stretcher) uses a single, gold-coated holographic grating in a four-pass
configuration. A lens and mirror combination image the pulse from the front of the grating
back on itself. This compact, highly dispersive design allows both the second and third-
order dispersive terms to be corrected independently (up to 1.3 x 10° fs?). By adjusting the
amount of stretching with the GDC, it is possible to exactly compensate the positive dis-
persion of the fibre and PFC units.

Figure 7_23 represents a simplified diagram of the single, goldcoated holographic grating

in afour- pass configuration.

Single Grating 4-Pass Pulse Compressor

FIG 7_23 Pulse Expander Simplified Diagram (Coherent Laser Group 1999)
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The single-mode quality of the fibre is responsible for the low average power of short
pulses being transmitted through the system. The fibre is polarising-preserving, i.e. outer
circumstances (motion, pressure, temperature) does not effect polarisation and does not
disturb data. The small core size (about 5.5 pm) implies high power densities (i.e., 50 mw
average power, 100 fs at 76 MHz gives a power density in the fibre of 28 x 10° W/cm?)
which is responsible for self-phase modulation. Due to SPM in the fibre the amount of
power that can be transmitted through the system is limited to 50 mW average power.

7.6.5.2 Thefinal dispersive unit

The PFC is aso required for high average power (> 50 mW) to be delivered to the system.
The average power is improved by a longer pulsewidth maintained throughout the entire
length of the single-mode fibre. To accomplish this and deliver short pulses, a post fibre
compressor (PFC) is used at the fibre output. It is a single block of highly dispersive mate-
rial which is used to reduce the effects of self-phase modulation. Figure 7_24 shows that
the beam is passed through the material 7 times, given atotal dispersion of 105 f<2.

HIGH DISPERSION MATERIAL

LASER

BEAM ---_\
HIGH REFLECTOR HIGE RECLEC IR

MIRROR \
\

FIG 7_24 Post Fiber Compensator (Coherent Laser Group 1999)

‘-—___‘-__.h
7 PASS PATH

The PFC unit is connected with micrometer screws with which the coupling of light from
the PFC into the scan head can be optimised in a three-dimensional manner (X, y, z —axis).
The z-axis (the distance of the PFC to the scan head) is optimised once. In x, y direction
the light beam is adjusted for daily operation with the help of fluorescent slices on object
dides put on the inverted microscope and imaged confocally.
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7.6.6 Beam Diagnostic I nstrumentation

The key optical parameters in an ultrafast laser system are wavelength, average power,
peak power, pulsewidth, and pulse repetition rate. In addition, it is important to know that
thelaser isfully modelocked, and to be alerted to cw (continuous wave) breakthrough. All

measurements were done at the reference beam leaving the GDC.

7.6.6.1 Measuring Wavelength

The wavelength and the full width half maximum of the pulse (shape) was measured by a
Wave Scan Laserspectrometer and presented by the software APE Las Scan 2.2.. Las
Scan- Spectrometer Control- Real Time Mode, Wavescan VIS.

7.6.6.2 M easuring Pulsewidth

The width of an ultrafast laser pulse cannot be measured directly. Instead the pulsewidth
must be inferred from secondary measurements. The preferred method for determining
pulsewidths is to use an autocorrelator. An autocorrelator determines the pulsewidth by
separating the beam into two parts and focusing them to the same point in angle-matched
nonlinear crystal; then observing the second-harmonic output while varying the path-length
difference between the two beams. By making assumptions about the shape of the pulse
(e.g., Gaussian, Lorentzian), the output is de-convoluted and the pulsewidth obtained. The
optical schematic diagram is shown in Figure 7_25.
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FIG 7_25 Autocorrelator Optical Schematic Diagram (Coherent Laser Group 1997)

7.6.6.3 M easuring Aver age Power

The average power was measured with an optical power meter from Newport.

7.6.6.4 Measuring Peak Power

The peak power cannot be measured directly, because the pulse repetition rate and the pul-
sewidth are beyond bandwidth and resolution limits of conventional power and energy
meters. The peak power hasto be calculated by the formula:

Ppeak =Pavg/ (X 1)

where f is the pulse repetition rate and t is the pulsewidth. The pulse repetition rate is
fixed by the laser geometry to be found in the laser specification table, in this case 76
MHz. Pyg =40 mW, t =120 fs => Pyeq = 4386 W, which has be calculated above as well.
(Coherent Laser Group 1997)
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7.6.7 Personal Confocal Microscope (PCM) 2000

7.6.7.1 The Scan Head

The Optical Schematic of the Scanhead of the Technical Instruments Brite*i scanning opti-
cal microscope shown in Figure 7_26 corresponds to the one used in One-Photon-
Excitation and Two-Photon-Excitation CLSM. For TPE the pinhole was opened to its

maximum.

FIG 7_26 Diagram of the Technical InstrumentsBrite*i scanning optical microscope [Courtesy: V. Cegina
and G. Q. Xiao, Technica Instruments Corporation, San Jose, California, USA] (Corle 1996)
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The used lasers as aready mentioned were an Air-cooled Argon-lon laser with an output
wavelength of 488 nm, and a Helium-Neon Laser with an output wavelength of 543,5 nm.
A single-mode, non-polarisation-preserving fiber brings the light into the scanning head
assembly. This fiber also acts as a spatia filter for the optical system. The fiber coupling
optics use an achromatic lens with a spectral range of 450-650 nm. An adjustment screw
has been added to control the centering of the fiber at its input end, thus it is possible to
adjust the illumination intensity. In addition with the help of a neutral density filter the
illumination intensity can be adjusted in coarser increments. A 488 nm Argon laser line
(excitation) filter in the illumination path isolate the system from light caused by secondary
lines and fluorescent emission from the laser tube.

After having passed through the laser line and neutral density filter, arelay lens focuses the
end of the fibre onto the pinholes. Two different pinhole sizes are provided, 20 um and 50
pm, and a through beam path not containing a pinhole. The same pinhole is used for both
illumination and imaging. After the light has passed through the pinhole, a second lens
collimates the light, before the scanners reflect the light.

Galvanometer mirrors are used both for x and y scans. The scan rate of these mirrors is
more than 1 frame/second for a 512 pixel x 512 pixel scan. The scan rate can be slowed
down by the user changing the pixel dwell time from 3 ps per pixel up to 20 ps per pixel to
allow longer integration on the detectors if desired. The maximal volume (x, y,z) which
can be scanned is 200 um x 200 um x 200 um with 512 pixel x 512 pixel x 96 optical sec-
tions, limited by the hardware of the used system.

After passing through the scanners, the light is relayed to the microscope by the scan lens.
There it is focused onto the sample by the objective lens. The reflected or fluorescent light
from the sample retraces its path through the optical system, is descanned by the galva-
nometer mirrors, and focused onto the pinhole plane. From the pinholes the light is trans-

mitted by aset of dichroic mirrorsto the output fibers and then to the PMT detectors.

7.6.7.2 Scanner Stability

In a CSOM either the sample or the illuminating beam has to be scanned in order to build
up the image point by point. Sample, objective, and beam scanning techniques all have
been developed. In our case the objective was moved (either by the z-motor or) by a
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Piezo(trandator) for precise position in the nanometer range in order to have a stable scan

ner without drift or lateral jumpes, when going from one x-y plane to the next.

The scanner stability is a function of temperature and mechanical vibrations, which can be
reduced by the setup, and other electronic or mechanical design-dependent features.

Movement along the optical axis influences the resolution of the optical sectioning capa-

bilities. (Porwol, Stronmaier, Spiess 1999) For precise, reproducible optical sectioning a
piezoelectrically driven movement of the objective was necessary. The Piezo regulates the
position of the objective very precisely with a50 nm resolution. It encloses the used objec-
tive and works nearly without hysteresis (Iless than 0.2 %) . The Piezo itself is controlled by
voltage changes of a potentiometer in adigitised way in the range of the zero to the maxi -
mal nominal value of 200 um with a resolution of 12 Bit by a LVPZT (Low Voltage
Piezo)-amplifier/Servo-controller with a RS-232-interface and a 12-Bit-Digital-Analog-

Converter for low voltage piezos. (200 um maximal nominal displacement divided by 2
= 4096 (for 12 bit) » 4000 = 50 nm resolution)

The nominal movement either for the Piezo and the z-motor does not always correspond to
the actual movement of the focal plane in the specimen as the ratio of both is dependent of
the refractive indices of the immersion medium and the mounting medium. If both are the
same as for as immersion medium water and PBS as mounting medium, the nomina and
actual movement should be the same.

Furthermore, mechanical vibrations were suppressed by a vibration control system (New-
port), a vibration free working platform whereupon the 2P Laser and the CLSM was in+

stalled. The table surface was isolated during scanning from floor motion by the Stabi-

lizerO pneumatic suspension system.

7.6.7.3 Data acquisition

For data acquisition a modificated inverted light microscope (Nikon, TE 300) with either a
60 fold magnifying water objective (Plan Apochromat) with a numerical aperture of 1.2
and coverglass correction or an oil immersion objective (Plan Fluor) with a numerical go-
erture of 1.3 which had to be used with coverglasses of a controlled thickness of 0.17 + 0.1

mm.
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When the specimen receives the laser pulses, absorbing their electromagnetic radiation,
getting excited, it will emit light in al directions, also in the direction of the water objec-
tive. This part will pass through the water objective to the galvonometric scan mirrors to
the pinhole that will shut off stray light of out-of-focus planes. Afterwards the emitted light
is parted in 1:1 ratio on the two emission channels, passing through an emission filter in
each channel. Filters were chosen appropriate to the used dyes. A glass fibre brings the
signals to the photomultiplier tubes within the light detection module, in which the module
for controlling the mirror scanners is incorporated and which is communicating with a s
ria interface with the PC. The PC working on the basis of Windows 95 contains the frame
grabber (A2D) which will convert the analog signals of the light detection module in dig-
itised image data. The software EZ 2000 Version 2.1.3 was used for data aquisition, repre-

sentation and processing of data.

7.6.7.4 Optimisation of the System Perfor mance

In order to obtain most realistic images of the biological structures by optical sectioning of

the object, severa conditions listed in the following paragraphs were necessary.

7.6.7.4.1 Adaptation of therefractive indices

The used cover glasses, the immersion and the mounting media for the cells should have
the minimal differences in refractive indices as emitted rays not paralel to the optical axis
are refracted at the interfaces mounting medium/ coverglass/ immersion medium according
to Snell’s law. (see Introduction) Refractive mismatches result in spherical aberrations and
aloss of light intensity. Thisis reduced by using thin coverglasses and the water objective.
Thus the system with the immersion medium water and the watery mounting medium re-

duce losses in resolution in deep layers of the cells.
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7.6.7.4.2 Calibration of the magnification

The applied programs EZ 2000, Huygens2 and AV S-Express 5.0 need specifications about
the ratio of the pixel number respectively the number of optical sections and the reel
scanned distances of an object. The calibration in the x, y plane was performed by a cali-
bration glass. For the optical axis z a coverglass with known thickness was line-scanned
along the optical axis. Two Gaussian curves were obtained, the distance between the two
maximums is equivalent to the nominal thickness. The data were saved in the program EZ
2000.

7.6.7.4.3 Reduction of cell movement

For correct results it is very important that during a scan there will be no movement of the
cells along the three axis. Therefore cell specimen were grown on special coated cover-
glasses with Poly-D-Lysin, fixing the cells as the surface resistance is augmented, but they
are till able to change their shape. These movements were reduced by lowering the tem

perature on about 20 °C without vitality losses of the cells.

7.6.7.4.4 Determination of the Experimental Point Spread Function

As described in section 7 the experimental point spread functions were detemined to de-
convolve with them the scanned confocal images to obtain the most realistic images. De-
convolution is a computational method used to reduce out-of-focus fluorescence in three-
dimensional microscope images. Using experimental point spread functions instead of
theoretical ones makes that fluorescence intensity will appear more homogeneously dis-

tributed which corresponds more to the reality.
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7.7 Three Dimensional Reconstruction and Visualisation

7.7.1 General protocol for acquisition of the volume data

This paragraph describes the conditions which were kept constant during confocal imag-
ing.

The room in which the CLSM was installed was darkened with a room temperature regu-
lated to 23 °C. For cross talk reduction emission filters were applied. As for two photon
excitation shortpass filters, reflecting laser light longer than 700 nm.. Before starting scans
the sengitivity of the photomultiplier tubes were adjusted by the image acquisition software
to optimise the influence of the fluorescent dyes on the measuring channel and to reduce it
on the second channel, thus the cross talk was below 10 % per channel. This was a com-
promise between the signal of the dye to be detected in the measuring channel and the sup-
pression of other fluorescent dyes localised in the cell respectively the autofluorescence of
the cells.

For 3-D reconstruction series from 30 up to 64 optical z-sections (average section distance
400 nm) were recorded with an x-y resolution of 512 x 512 pixel at a scanning speed of
about 2 sec per image (pixel dwell time 3 psto 10 us for cells, up to 20 us for PSF). The

number of optical sections was limited by the present computer hardware.

7.7.7.2 Specifications for theimage data

The next table gives specifications about the PMT gain and the dimensions of the whole
imaged cell volumes (sampling densities in X, y, z- direction and the imaged field in these
directions) and the optical cuts performed in z direction. For the X, y —plane one or a few
HepG2 cells, along the optical axis of the cells, were imaged according to their dimen-

sions.

Figure Staining |PMT gain| Pixel Axis | Sampling Pixel Field
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time (Us) density (nm) (Hm)
10 1 1P 3.0 X 195.313 512 100.0
DHR 2.9 y 195.313 512 100.0
MT 24 400 50 20.0
10 2 1P 3.0 X 73.047 512 374
DCF 3.2 y 73.047 512 374
MT 3.0 z 400 30 12.0
10 3 1P 3.0 X 109.766 512 56.2
DCF 2.7 y 109.766 512 56.2
MT 2.9 z 400 30 12.0
10 4 2P 3.0 X 341.797 512 175.0
DHR 3.8 y 231.641 512 118.0
MT 24 z 400 40 16.0
10 5 2P 3.0 X 165.430 512 84.7
DCF 2.8 y 165.430 512 84.7
MT 2.7 z 400 40 16.0
10 6 2P 10.0 X 280.469 512 143.6
DCF 34 y 195.312 512 100.0
MT 29 z 700 34 23.8
10 7 2PDAPI |37 3.0 X 133.984 512 68.6
DHR 3.7 y 133.984 512 68.6
MT 34 400 50 20
10 8 2PDAPI |33 3.0 X 85.156 512 43.6
DCF 3.6 y 85.156 512 43.6
MT 3.6 z 300 64 19.2
10 9 2P DAPI | 3.6 3.0 X 85.156 512 43.6
DCF 4.4 y 85.156 512 43.6
MT 4.0 z 300 64 19.2

Table7_8 specifies the conditions under which the images of the HepG2cells were recorded: The photomul -

tiplier (PMT) gain, pixel dwell time, the sampling density, the number of pixels and the volume dimensions
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For one photon excitation usually the small pinhole was applied (physical radius rp,ys = 10
pum) backprojected pinhole radius r, for one photon excitation:
b = I'pnys / (Magnification of the system * magnification of the objective)

with magnification of the system =1

magnification of the objective lens = 40 x or 60 x

r,= 250 nm for 40 fold magnification and small pinhole of 20 um diameter; respectively
167 nm (for 20 um pinhole), the pinhole of 50 um has a backprojected pinhole radius of
417 nm for 60 fold magnification. No pinhole was used for 2 photon CLSM.

The acquired image stacks were preprocessed by deconvolution to improve image quality
prior to 3-D visualisation. The mathematical algorithm implemented in Huygens2 software
removes noise and artifacts, sharpens the images and correct for problems with contrast
and brightness.

7.7.2 Reconstruction per Deconvolution

For deconvolution of data sets 3-D point spread functions of the CLSM was measured as
described using subresolution fluorescent microspheres with emission of 515, 590, 620
nm. Subsequently, the noisy original confocal images and the appropriate PSF were fed
together into an iterative Maximum Likelihood Estimation (MLE) restoration alghorithm
optimised for treatment of high noise images. The MLE agorithm is performed for restor-
ing low light level images with a the signal to noise ratio between 3 and 30. An example
of deconvolution is shown in the Figures 7.7_1 and 7.7_2. Maximum Intensity Projections
of cells stained with DAPI, Dihydrorhodamine (DHR) and MitoTrackerRedCM XRos (MT)
are shown before in Figure 27 a, b, c and after deconvolution in Figure 28 a, b, c. The

three dimensional visualisation can be seenin Figure 10 7
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FIG 7_27 HepG2 Cellsin MIP-Projection beforedeconvolution in Huygens2  stained with
a DAPI b DHR c MT imaged with
470+ 15nm 515+ 15nm 620 = 30 nm emission filter.

FIG 7_28 HepG2 Cdlsin MIP-Projection after deconvolution in Huygens2  stained with
a DAPI b DHR c MT imaged with

470+ 15nm 515+ 15nm 620 = 30 nm emission filter.

With MLE agorithm of the Huygens System noise can effectively removed and lost de-
tails recovered. Maximum likelihood estimation (MLE) is a mathematical/computational
optimisation strategy generally used for producing estimates of quantities corrupted by
some form of random noise, in our case due to the statistical nature of the quantum photon
emissions (Poisson point process of image noise) and the effects of diffraction in typical
low light level situations. The strategy is to produce the estimate of the fluorescence dye
concentration, | (), which has the highest likelihood of having given rise to the specific data
collected. The estimate of the real object is obtained by iterations, that means that the algo-
rithmus converges to a result with increasing steps. The MLE-algorithmus estimates the

real object and convolutes it with the known optical characteristics (PSF) of the micro-
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scope. If the difference measured by |-divergence or cross-entropy between the represen-
tation of the imaged object and the smulation of the representation by convolving the es-
timate with the measured PSF is higher than a fixed value, the algorithmus continues with
a new iteration with a modified estimate of the real object. The principle of I-divergence
difference measure is the only choice for objects which are restricted to zero or positive
values. The progress in the minimising process between the current estimate and the mesas-
ured image, is expressed in the form of an (increasing) quality factor. The quality factor
displayed by the MLE agorithm in the Huygens System reports the quality relative to the
first estimate. In this way the quality factor is always a number greater or equal to 1.

The iterations were performed by “Fast Mode” which is more effective at the cost of a
marginal increase of computing time per iteration and the addition of one extra (hidden)
temporarily image. The algorithmus was stopped if several subsequent estimates differ less
than a certain value (< 0,1 %), which was specified as the threshold for quality factor in-

crease.

7.7.2.1 Simplified Data Collection M odel

The modelling of data collection process for wide field fluorescence and confocal fluo-
rescence microscopes is summarised by the following eguations:

Hn (X,y,2) = H(X,y,2) + N(X,y,2) and pi(X,y,2) = p(x.y,2) + b(x,y.2)

and p(x,y,2) =1 (x,y,2) A h(x\y,2)

where x and y are the in-plane (transverse) spatial variables, z is the axial spatial variable,
b(x,y,z) is a background level primarily due to dark current, N() is the random noise, pri-
marily due to quantum photons, | () is the fluorescence dye concentration and h() the PSF.
The convolution (denoted by A) with h() represents the blur in the image. The aim of the
deblurring algorithm is to produce an estimate, or reconstruction, of | (). The background
level b(x,y,z) is measured in a calibration protocol “estimating mean background”, that
measures the average background in a non-object areain the image, and which includes the
baseline (for the electronics-induced offset) and the average background (Poisson) noise.
The background level is accounted for in the image reconstruction algorithm by incorpo-

rating it within each algorithm iteration.
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7.7.2.2 Maximum Likelihood General Principles

In a heuristic interpretation of MLE, one might think of the collected image data as a ran-
dom host of other possible random quantities.

In mathematical terms classically interpreted, we are formulating a log-likelihood function
that represents a measure of the likelihood that one would collect the noisy data that were
actually collected. This function is actually a functiona (i.e. a function of a function) of
I (), h() and p,), based on the random Poisson nature of the quantum photon noise. In prin-
cipal, this derivation is solved for its maximum value. As I, is known and h() (the experi-
mental PSF) has been measured the deblurring algorithm is only solved for | (), the fluo-
rescence dye concentration. (Pawley 1995).

7.7.2.3 Deconvoluted image stacks

Colours are added by false colour representation, segmenting the image of the object.
Since each pixel in a 8-bit greyscale confocal image (with values O [black] to 255 [white]
in PCM 2000) corresponds to fluorescence intensity at a point within the specimen, the
pixels with lower values represent areas with lower fluorescence while the pixels with
higher values represent brighter regions. Assigning colour to the intensity images is done
by thresholding. In Huygens 2, the lowest intensity is represented in dark, then violett,
green, blue, green, yellow, orange, red for highest intensities.

The significant bits size (layout) for the datasets is changed from an integer representation
format, 8 bit (grey scale values) to a real representation format of 32 bit. The size for 3-D
visualisationisafloat representation format of 64 hit.

7.7.3Volume Visualisation

After the image stack was processed by 2-D image processing techniques, it was recorn-
structed into a 3-D volumetric dataset. This can achieved by either volume or surface ren

dering techniques as computer graphics technique. We applied surface rendering, whereby
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the volumetric data are converted into geometric primitives, by an isosurfacing process.
These primitives (such as polygon meshes or contours) are then rendered for display using
conventional geometric rendering techniques. Because the 3-D data set is reduced to a set
of geometric primitives, this results in a significant reduction in the amount of data to be
stored, provides fast display and manipulation of the 3-D reconstruction produced by this
method, but internal structures and details may be lost in contrast to volume rendering,
which can be performed without knowledge about the geometries of the data sets

(www.cs.ubc.calspider/ladic/overview.html)

Calculation of the isosurface was performed on a IRIX-based Silicon Graphics Octane
workstation on the basis of the advanced visua system (AVSExpress, Version 5.0). This
program consists of modules and is applied universally in scientific graphical data proc-
essing. By individual logical linkage of single modules, the programmer generates an gp-

plicable program. Thus the following requirements were achieved:

1. Representation of cell compartments and labelled structuresin different colours.

2. Different regions were represented in an opague manner, such as the spatial order of the
interwoven objects became clear.

3. An system of axis was integrated.

4. The generated images could be saved.

The connection of modules for the visualisation of the three dimensional properties of the
imaged objects areillustrated in Figure 7_29.

The module read field is reading the volume data set as an ics (image cytometric structure)
image (default image format), which is stored in two files. (One file (extension ics) is
written in ASCII to include information about the format of the image data, and optionally,
information about the sample, experiment, etc. The image data is written separately into a
binary file with the extension ids.) Attached is the module axis, responsible for the repre-
sentation of the co-ordination system. The module bounds is posing a square around the
dimension of the volume data files. The module isosurface illustrates regions of the data
file with equal fluorescence intensities graphically. The colour can be varied. The under-
standing of the extensions of the cell compartments is indeed supported. The module
uviewer 3D is visualising the initially read and then belaboured data files. With output file
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those can be saved in the AV'S proper format x. All obtained images were saved in a 1024
x 1024 pixel format and then converted in a TIF (Adobe Tagged Image File) format (ver-
satile format that can handle al bitmapped images) for the IRIX- operating system by the
program Mediaconvert, the files were transferred by FTP from the workstation to a per-
sonal computer on the basis of the operating system Windows NT 4.0, and in the picture
editing program Adobe Photoshop 5.0 the function Auto-Tonwertkorrektur was applied.
The images were printed on the laser printer Adobe PS Tektronix Phaser 750 DP.

FIG 7_29 Module of AV S/Expressfor cell visuaisation

The calculation of the isosurface was repeated for individual data set and a specific colour
was chosen for the geometries, in particular red for DNA stained 5 —10 min (20 °C) with
25 UM 4°, 6 -diamidino-2-phenylindole dihydrochloride (DAPI) and violet for mitochon-
drial mass stained 30 min (37 °C) with 10 uM MitoTracker RedCMXRos (MT). Yellow,
white, blue, green was chosen from high to low Rhodamine 123 (RHO) or
2, 7"dichlorofluorescein (DCF) fluorescence intensity levels after incubating cells for 25
min(37°C) with 10 uM dihydrorhodamine 123 or for 45 min (37°C) with 11 uM
2', 7 dichlorofluorescin-diacetate.

The values of the Iso levels (green for DCF or RHO, violet for MT) as a threshold, beyond

which all pixels do not contribute significantly to the object of interest and hence can be
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eliminated, were determined by using the values indicated in Huygens2 for the transition
from violet (lowest intensities) to dark(background), which was between 200 and 300. To
have comparable values the threshold was set on 300 for the célls, if this value was found
within the violet region and not in the blue one, which represents the next higher fluores-
cence intensities, to be sure that no image information about the outer borders of the dis-
tinct compartments will be lost. For the hot spots, the regions containing the intensities of
interest could be preserved, and non-consecutive, lower ranges of intensities were elimi-

nated, by choosing an 1so level nearer to the maximal value of the I sosurface.
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1l RESULTS

8. Spectral Analysisof DAPI, 2 7’ -Dichlor ofluorescein,
MitoTracker CM XRos, Rhodamine 123 and the used
Optical Barrier Filters

8.1.UV/ VIS Spectroscopy (One Photon Excitation)

8.1.1 Absorption Maximums and Molar Extinction Coefficient

of applied (oxidised) dyesin one photon excitation CL SM

The molar extinction coefficient el ) was determined by UV-VIS spectroscopy with the
Uvikon 933 Double Beam Spectrophotometer in PBS pH = 7.3 - 7.5 as solvent, applying

the law of Lambert-Beer.

log (I/1) =A(l ) = &(l ) dc

with the layer thickness of d = 1cm and ¢ = concentration of the dye
lo: Light Intensity before, | = after passing through the cuvette,

A: Absorbance (Absorption) units, &1 ) = Molar extinction coefficient
P el )=A( )/(cd)

Therefore the absorption of the dyes at various concentration was measured and the molar
extinction coefficient (1 ) was calculated for the Absorption Maximums. The data are

listed out in the last column of the tables.
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8.1.1.1 2,7 -Dichlorofluorescein

Concentration (uM =10°M) |3 5 9 12 15

Maximal Absorbance Units 0.3032 [0.4874 {09264 |[1.1719 |1.4741

Absorption Maximum (nm) 503 503 503 503 502 AS03
e(cm*M™ 101 066 |97 480 |102933 |97 658 [98273 |/E99 482

Table8_1: Absorption Maximums and Molar Extinction Coefficiente(l ) of 2',7'-Dichloroflourescein

8.1.1.2 MitoTracker RedCM XRos

Concentration (uM=10°M) |25 5 10

Maximal Absorbance Units 0.1474 0.2796 0.6278

Absorption Maximum (nm) 578 578/579 |578 /578
e(cm*M™ 58960 |55920 62780 | /E59 220

Table8 2: Absorption Maximums and molar extinction coefficient &1 ) of MitoTracker RedCMXRos

8.1.1.3 Rhodamine 123

Concentration (uM=10°M) |1 45 6.7 10

Maximal Absorbance Units 0.0604 0.2987 0.4597 |0.7565

Absorption Maximum (nm) 500 500 500 500 /E500
e(cm™* M 60400 [66378 |68612 |75650 |AE67760

Table8_3: Absorption Maximums and molar extinction coefficient g(l ) of Rhodamine 123

The Absorption Maximums of the dyes are 503 nm for 2’, 7’ -Dichlorofluorescein,

e ocr = 99 482 cm™ M™; 500 nm for Rhodamine 123, € (ryo) = 67 760 cm™ M™% 578 nm
for MitoTrackerRedCMXRos, € ) = 59 220 cm™ M™.
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8.2 Oneand TPE Fluorescence Excitation and Emission Spectra of the

applied (oxidised) dyesin one photon excitation confocal and TPE L SM

The Nucleic Acid stain DAPI was only analysed by two photon spectroscopy and only
used by TPE CLSM. The excitation scan is shown in Figure 8 1, the series of emission
scans three dimensionally in Figure 8 2. Over an excitation wavelength from 580 nm to
820 nm, every 6- 7 nm a whole emission wavelength scan was performed over a range
from 254 nm to 709 nm emission wavelength. In Figure 8 3, the emission is shown for
excitation with the wavelength of the excitation maximum, and the used wavelength in
TPE CLSM. Dueto instrumental restrictions, the latter excitation wavelength was 795 nm,
not 798 nm, which was applied in microscopy.

The oxidised dyes 2' 7’ -Dichlorofluorescein, MitoTrackerCMXRos, and Rhodamine 123
were analysed by one and two photon excitation (TPE) fluorescence spectroscopy. In this
alphabetic order the excitation and emission scans are first shown for one photon excitation
(OPE) (Figures 8 4, 8 9, 8 14). The small boxes within the graph illustrate the linear de-
pendency of fluorescence excitation and emission intensities for the measured range.
Higher concentrations will not give linearly higher intensities, because of the inner filter
effect, a quenching effect, which appears, if the concentration of the fluorescent molecule
is high.

Then theoretical doubled OPE excitation scan and the measured TPE excitation scan are
contrasted, neglecting the original intensities (Figures 8 5, 8 10, 8 15), in order to com-
pare more easily the effects of the two excitation modes on absorption, followed by OPE
and TPE emission scans (Figures 8 6, 8 11, 8 16). The measured TPE Emission scans
are represented three dimensionally in Figures 8 7, 8 12, 8 17. The procedure was as fol-
lows: Over an excitation wavelength from 820 nm to 1100 for Rhodamine 123, respec-
tively to 1150 nm for 2',7'- Dichlorofluorescein and MitoTrackerCMXRos, every 6- 7 nm
a whole emission wavelength scan was performed over arange from 254 nm to 709 nm of
emission wavelength. Finally the emission is shown for excitation with the wavelength of
the excitation maximum, and the used wavelength in TPE CLSM. Because of instrumental
restrictions, the latter excitation wavelength was 820 nm, not 798 nm, which was applied
in microscopy. (Figures 8 8, 8 13, 8 18). The results of OPE and TPE spectroscopy are
summarised in Table 8 4.
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2P Excitation Scan DAPI 25 mM

1200000 ] 2P Exc Max: 685 nm
] X
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FIG 8_1: TPE Excitation Wavelength Scan of DAPI 25mM in PBS. Excitation Maximum: 685 nm

T
800

DAPI 25 mM
2P Exc Emisson Scans

0000 EmMax: 455 +- 5 nm/
at 690 +- 10 nm Exc

FIG 8_2: TPE Emission scans of DAPI 25mM in PBS, from 580 to 820 nm excitation, every 6 -7 nm
an emission wavel ength scan was performed over arange of 254 to 710 nm.
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2P DAPI Emisson Scan (Exc: 685, 800 nm)

2P Exc: 685 nm c=25mM EmMax: 455+~\5 nm

A8000—'
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FIG 8_3:Two TPE Emission scans of DAPI 25 mM in PBS. One at the excitation maximum of 685 nm,

the other near the used excitation wavelength of 798 nm for TPE laser scan microscopy (LSM)
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FIG 8_4: One Photon Fluorescence Spectroscopy of 2', 7'-Dichlorofluorescein - ~Excitation, — Emission
The small boxesillustrate the linear dependency of fluorescence intensity on the concentration for the

measured range for Excitation Max: 501+ 1 nm and Emission Max: 5225+ 1.5nm  --- Regressionline
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1P, 2P 2", 7'-Dichlorofl uorescein Excitation Scan
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FIG 8 5:-- Theoretical doubled one photon excitation scan (¢ = 100 nm) ExMax: 1002 nm and
—TPE excitation wavelength scan (c = 11 uM) ExMax: 1065 nm and > 1150 of 2', 7'-Dichlorofluorescein

1P, 2P 2',7-Dichlorofluorescein Emission Scan
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FIG 8_6: One and TPE Emission wavelength scan for 2', 7'-Dichlorofluorescein, excited at the absorption
maximums. 501.88 nm for 1P, concentration ¢ = 100 nM, 1065 nm for 2P, ¢=11 pM
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2'. 7' -Dichlorofluorescein 11 uM

2P Exc Emission Scans

EmMax: 530 +-3nm
a 1065 nm Exc

FIG 8_7: TPE Emission scans of 2',7'-Dichlorofluorescein 11 uM in PBS, from 820 to 1150 nm excitation,

every 6 -7 nm, an emission wavelength scan was performed over arange of 254 to 710 nm.

2P 2',7'-Dichlorofluorescein Emission Scan (Exc: 820, 1065 nm)
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FIG 8_8: Two TPE Emission scans of 2',7’-Dichlorofluorescein 11 uM in PBS. One at the excitation maxi-

mum of 1065 nm, the other near the used excitation wavel ength of 798 nm for TPE laser scan microscopy

(LSM)
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FIG 8_9: One Photon Fluorescence Spectroscopy of MitoTracker RedCMXRos, c=2.5uM ~Excitation
(Exc), — Emission. Thesmall boxesillustrate the linear dependency of fluorescence intensity on the con-
centration for the measured range for Exc Max: 575 + 2 nm and Emission Max: 594.5 + 3.5 nm --- Regres-
sionline
1P, 2P MitoTracker RedCMXRos Excitation Scan
1100 -
1000 _: 2P c=1uM Exc.Max: > 1150 nm // I\
] \
900 3 |
D 80
c .
% 700 3 \‘
3 \
S 600 \
O 1 ‘\
& 500 ] \
2 ] \
g 400 3 \
£ 3w \ |
E 2x1Pc=25uM ExcMax: 1150 nm \
200
100 3
O = T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T
800 850 900 950 1000 1050 1100 1150 1200
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1P, 2P MitoTracker RedCMXRos Emission Scan

1P Bxc: 578 nmc¢ = 1uM EmMax: 596,85 nm
3

1 2P Exc; 1150 nm ¢= 1uM EmMax: 602 +- 7 nm
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FIG 8 _11: One and TPE Emission wavelength scan of MitoTrackerCMxRos, excited at the absorption

maximums. 578nm for 1P, concentration ¢ = 1 uM, the highest available wavel ength was 1150 nm for 2P,
c=1uM

MitoTracker RedCM XRos 1 uM
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FIG 8_12: TPE Emission scans of MitoTracker RecCMXRos 1 uM in PBS, from 820 to 1150 nm Excitation

every 6 -7 nm an emission wavelength scan was performed over arange of 254 to 800 nm.
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2P MitoTracker RedCMXRos Emissionsscan (Exc: 820, 1150 nm)
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FIG 8_13:Two TPE emission scans of MitoTrackerRed CMXRosc = 1 uM in PBS. One at the excitation
maximum of 1065 nm, the other near the used excitation wavel ength of 798 nm for TPE LSM
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FIG 8_14: One Photon Fluorescence Spectroscopy of Rhodamine 123, c=80nM  ~“Excitation, — Emis-
sion. The small boxesillustrate the linear dependency of fluorescence intensity on the concentration for the

measured range for Excitation Max: 502 + 5 nm and Emission Max: 523.5+ 2.5 nm --- Regression line
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I ntengty (arbitrary units)

FIG8_15: . . Theoretica doubled one photon excitation scan (c = 80nM) , ExcMax: 1004 nm and
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FIG 8_16: One and TPE Emission wavelength scan of Rhodamine 123, excited at the absorption maximums:
499.8 nm for 1P, concentration c =80nM, 913 nmfor 2P, c=1puM
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Rhodamine 123 1 uM
2P Exc Emisson Scans

at 913 +- 10 nm Exc\

FIG 8 _17: TPE Emission scans of Rhodaminel23 ¢ =1 puM in PBS, from 820 to 1150 nm excitation

every 6 -7 nm an emission wavel ength scan was performed over arange of 254 to 800 nm.
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FIG 8 18 :Two TPE emission scans of Rhodaminec = 1 yuM in PBS. One at the excitation maximum of 913
nm, the other near the used excitation wavel ength of 798 nm for TPE LSM
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As the spectroscopic measurements (OPE and TPE) were performed on different instru-
ments, intensity levels cannot be compared directly. Therefore for extrapolation and com-
parison of OPE and TPE excitation maximums absolute intensity levels were abolished.

(arbitrary units)

Fluorescent | Excitation Maximumsin nm Emission Maximumsin nm
Dyes 1P (AbsMax) [2x1P[2P 1P 2P

DAPI 358 (n.d.) 716 690 10 461 (n.d.) 455+5
2,7-DCF |501+1(503) |1002 |1065, > 1150 5225+ 15 530+ 3
MTRed 575+ 2(578) |1150 |>1150 5945+ 3.5 602+ 7
Rho 123 502 +5(500) {1004 |921+10,1074+10 |5235+25 531+5

Table8 _4 Absorption (AbsMax), Excitation and Emission Maximums of the applied dyesin one and two
photon spectroscopy and microscopy. (2x1P, doubled one photon excitation spectra, are theoretical values)
(n.d.: not determined by own experiments, www.probes.com, solvent: H,0)

Table 4 summarises excitation and emission maximums of the fluorescent dyes applied
in the experiments. Compared with one photon excitation fluorescence spectroscopy DAPI
and Rhodamine have a blue shifted excitation maximum whereas, MitoTrackerRed and
2'7-DCF have a red shifted one in two photon excitation spectroscopy. The emission of
DCF, MT Red and Rho 123 are dlightly red-shifted in TPE. The OPE and TPE curves have
different shapes.

8.3 Optical Barrier Filter Transmission Range

Dyes and optical barrier filters had to be optimised. Therefore the optical filter were cho-
sen appropriate to the emission maximums. With one exception of the 1P Barrier 488 + 5
nm which is an excitation filter, the represented filters are emission filters. The transmis-
sion range is demonstrated in Figures 8 19 a and b. The measured transmission range was
corresponding to the specifications given by AF anaysentechnik. All filter are bandpass
filter, the 2P emission filter have additionally shortpass properties, they cut off the light
above the transmitted wavelength range, whereas the 1P filter transmit light above around
700 nm (488 = 5 nm, 515 + 15 nm), respecively 800 nm (590 = 30 nm).
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1P Barrier Filter 488+-5 nm 1P Barrier Flter 515+-15 nm
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8 25 8253
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200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900
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FIG 8_19: The transmission range of used Emission Optical Barrier Filter.. Light is cut off when Absorbance
Units are high. Only the 1Photon (1P) filter of 488+ 5 nm isan excitation filter, all the others are emission

filter.

120



RESULTS

9. Determination of thetheoretical and experimental Point
Spread Function of the Laser Scan Microscope System

9.1 Theoretical Point Spread Function

9.1.1 Optical dicesthrough theoretical PSFs and three dimensional visualisation

The theoretical determination of the point spread function requires specifications about the
sampling density in lateral and axial direction, the used mode of microscopy, the aperture
of the objective, the refraction indices of mounting and lens media, the excitation and
emission wavelength respectively the middle wavelength of the used barrier filter and the
number of excitation photons. For each experimental determined point spread function the
theoretical one was computed and illustrated three-dimensionally: for one photon excita-
tion CLSM in Figure 9 _6 for orange fluorescent microspheres in PBS and the appropriate
emission filter, for green fluorescent microspheresin Vectashield in Figure 9 7 and Figure
9 9, and in PBS in the latter figure, for orange fluorescent microspheresin Mowiol in the
same Figure 9 9. For TPE CLSM the theoretical point spread functions of green, orange
and red fluorescent microspheres in PBS and each with the appropriate emission filter are
illustrated in Figure 9_12, for Mowiol and Vectashield as Mounting Media, there is practi-
cally hardly any difference. Thereby the bead model is used as basis for calculation. For 2P
LSM PSF of green microspheres embedded in PBS additionally optical slices of the middle
of al extensions x, y, z (centre of mass) were performed, for the theoretical one, shown in
Figure 9 1 b-d. The represented slices have a distance of -0.45 um, O um, 0.45 pm for the
xy-slices, —1.6 um, O um, and 1.6 um for the xz and yz-slices from the centre of mass. For
the corresponding experimental PSF optical slices are demonstrated in Figure9 4 a-d. The
xy- dlices are at a distance of the centre of £ 1.8 um, £ 0.9 um and O um, the xz- and yz-
dicesat adistance of + 0.642 pm, £ 0.321 um, O pm.

The intensity scale for Huygens 2 is shown in Figure 9 _1a, h, s. The projection mode lin-
ear mode and the false colour representation was chosen, to show the intensity distribution
with red the highest, over orange, green, blue, violet to the lowest intensity. The slices
were saved as TIF files.
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The parameters of this point spread function are:

Geometry (nm)
X,y sample size: 48.828 nm
zsamplesize: 150.00 nm

Optical parameters

Microscopetype: Widefield
Numerical aperture: 12
Pinhole radius (backprojected): -

Refractive indexes:

Lens (Water): 1334
Medium: 1334
Parameter for channdl:

Excitation wavelength: 798 nm
Emission wavelength: 515 nm
Excitation photons: 2

An overview about the parameters of the different measured point spread functions are
given in Materials and Methods, section 7.4.5in Tables7_5 and 7_6, pages 62 and 63.

W max

I min

FIG9 1a Intensity scale FIG9 1b Theoretical PSF: xy - dices

| 045 pm 0 pm

Theoret. Xz EmFilter: vz green

PSF Zoom: 118 798 nm 515 nm Zoom:1.18 | microspheres
2P 60x

PBS

- 1.6 pm + 1.6 um -1.6 pm + 1.6 um

FIG9 1c Theoretical PSF: xz- dlices FIG9 1d  Theoretical PSF: yz—dlices
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9.2 Theoretical and Experimental Full Width of Half Maximum
(FWHM) of Intensity Distribution:

Deter mination of theresolution limits of the 2P PSF in PBS at an emis-

sion wavelength of 515 nm

The theoretical and the experimental full width of half maximum of the 2P LSM PSF of
green microspheres embedded in PBS were determined by saving the middle slice of the xz
optical cut as TIF file, converting it from 24 bit to a 8 bit grey scale image, drawing aline
with Laser Sharp Processing (Image-> Scale -> Select Line Intensity) through the centre of
the PSF in order to get an intensity distribution along this line, which was visualised with
the software package TechPlot.

The theoretical FWHM of this PSF is graphed in Figure 9 2, the experimental FWVHM in
Figure 9 3. Each time the lateral (a) and the axial (b) resolution limit was determined at an

emission wavelength of 515 nm, and an two photon excitation wavelength of 798 nm.
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FWHM of Theoret. PSF in x-Direction of xz-Slice (centre of mass)
260

240 -
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5 160 -

9!; 140 —- Theoretical FWHM (x) = 270 nm
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20-
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300 400 500 600 700 800 900 1000 1100
nm

FIG9 2a Theoretical Full Width of Half Maximum in x-direction: 270 nm is the theoretical lateral resolu-
tion limit at 515 nm emission wavelength

26|0:WHM of Theoret. PSF in z-Direction of xz-Sice (centre of mass)

240 1
220 -
200 -
180 1
2160 -
<140 - Theoretica FWHM (z) = 1960 nm
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nm

FIG 9 _2b Theoretica Full Width of Half Maximum in z-direction: 1960 nm isthe theoretical axial resolution
limit at 515 nm emission wavelength (8 bit grey scale)
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FWHM of Exp. PSF in x-Direction of xz-Sice (centre of mass)
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FIG9_3a Experimental Full Width of Half Maximum in x-direction: 670 nm is the experimental |atera

Experimental FWVHM (x) =670 nm

resol ution limit at 515 nm emission wavelength

FWHM of Exp. PSF in z-Direction of xz-Slice (centre of mass)
260

@ 1204 Experimental FWHM(2) = 6250 nm
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FIG 9_3b Experimental Full Width of Half Maximum in z-direction: 6250 nm is the experimental axial
resolution limit at 515 nm emission wavelength
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9.3 Measured Experimental Point Spread Functions

9.3.1 Deter mination of Averaged Beads and Signal to Noise Ratio of the PSFs

Excitat. |Excitation | Objective|r @innoe | Medium | EmFilter [n Signal  /
Photons | (nm) (x) (um) (nm) (Beads) |Noise

1 438 40 10 Vectash. |515+15 |12 11.347
1 543.5 40 10 Mowiol |590+ 30 |14 12.798
1 438 60 10 Vectash. |515+15 |12 24.398
1 543.5 60 10 Mowiol |590+ 30 |19 34.693
1 488 60 10 PBS 515+ 15 |36 16.360
1 543.5 60 10 PBS 590+ 30 |52 25.253
1 543.5 60 25 PBS 590+ 30 |28 10.755
1 543.5 60 WF PBS 590+ 30 |8 2713.607
2 798 60 WF Vectash. |515+15 |5 15.980
2 798 60 WF Mowiol [590+30 |6 25.938
2 798 60 WF PBS 515+ 15 |31 22.256
2 798 60 WF PBS 590 + 30 |22 24.206
2 798 60 WF PBS 620+ 30 |23 23.195

Table9_1 Number of averaged beads (n) and signal (S) to noise (N) ratio of measured point spread functions

after final baseline adjustment

WEF: Widefield mode, Vectash.: Vectashield

Table 9 1 shows the number of beads which were needed to become the indicated signal to
noiseratio. The signal (S) to noise (N) ratio was determined by:

S/ N =./max voxelvalue/ background
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9.3.2 Optical dicesthrough experimental PSFs

Optical dlices of the corresponding experimental PSF for TPE LSM of green microspheres
embedded in PBS are shown in Figures 8_23b-d. These are TIF-files of the PSF, cut in xy,
Xz, yz-direction within the centre of mass. For the other experimental determined point
spread function x, z and y, z dlices on the level of the centre of mass are presented in Fig-
ures 8 23 dto p. The projection mode linear mode and the false colour representation was
chosen, to show the intensity distribution with red the highest, over green, blue, violet to

the lowest intensity. The sliceswere saved as TIF files.

- 0542 pm LAZ] pm i pm

[l max

n

PBS 590 nm o 2 Imin
Soom:) 1,14 Lo g
e f g h: Intensity scale
FIG9 4a Maximum Intensity Projection (MIP): For each vertical column of voxels aray istraced

and correspondsto apixd in ain the 2D Projection Image: Thelargest valueis selected and
assigned to the screen image of the experimental 2P PSF, green microspheresin PBS, EXc:
798 nm, Em: 515 nm

FIG9 4b-d  xy, xz, yz—dicesof the exp. 2P PSF, green, PBS, Zoom factor: 3.23 forb, 1.18forc, d
O pmisthe middle of itsextension

FIG9 4c—g xzand yzdicesthrough experimental PSF in the middle of their extension, if not
specified; Zoom between 1.18 and 1.21 h Intensity scale of Huygens 2
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IP 60 x| orange 1P 60x orange 1P 60x orange

XZ YZ Xz yi

XZ Yz

|| ¥

Pinhole: .. St
= 590 nm 590 nm

| 2:1 !.I.].-]-I .-{|.:.|_:.;-||_ '| ] '| 0 PR TN] g b ] ; ] L

i j k

FIG9 4i-k xz and yz slices through experimental PSF in the middle of their extension, if not specified;

Pinhole: | __
= 490 nm
r=10 pm| zoom: 1.19

Zoom: 1.19, 1P PBS orange 60x, small, big pinhole and without pi nhole

| P il | Zreen

Remark: The wide field (OPE) had the
I m n o] double sampling distance

P max

m

I min

p r S intensity scale

Vecta-

Mool | 520 nim 313 nm
II' TR L ]

FIGO 41— xz and yz dices through experimental PSF in the middle of their extension, if not
specified; Zoom between 1.18 and 1.21

FIG9 4s Intensity scale of Huygens2, Maximal Intensities are shown in red, lower over yellow,
green inviolet, the background is shown in dark

Remark: The wide field (w/o pinhol€) had around the double sampling distance as the other PSF, therefore

the cut should be demonstrated in a bigger field, which was not possible due technical restriction in the

Huygens2 system as the PSFs were always depicted in the same-sized window

Figure 9 4 demonstrates asymmetries along the z-axis, especialy for they-z dices. Thisis
illustrated in more detail for the PSF 2P in PBS green in Figure 9_4b (xy), ¢ (x2), d (yz) .
The point spread function PBS orange with big pinhole in Figure 9_4j demonstrates a
much more extended volume than for the one measured with the small pinhole in Figure

9 4i. The shape of Figure 9 4j is much more complex than that of the small pinhole and
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resembles to the shape of the wide field PSF in Figure 9 4k . In genera the X, y extensions
of the 1P PSFs 60x (Figures9 4 e, i, |, n) are less than that of the corresponding 2P PSF
(Figures 9 4 ¢, f, m, 0). Compared to the 40 fold magnification oil immersion 1P PSFs
(Figure9_4p, r) thex, y extensions of a 1P PSFs 60 x with the water objective in Mowiol
and Vectashield (Figure9 41, n) are smaller.

Because of too weak fluorescence signals the PSFs in PBS either of green or orange fluo-
rescent microspheres could not be determined for the oil immersion objective 40x. The
PSF in Vectashield could only be measured for the green fluorescent microspheres, the
PSF in Mowiol only for the orange fluorescent microspheres at least for one photon exci-
tation CLSM. For TPE LSM the corresponding PSFs were measured. Additionally, the
PSF in PBS of the red fluorescent microspheres was possible to determine.

9.3.3 Three-Dimensionally Visualised Point Spread Functions

Point Spread Functions were measured for one photon excitation CLSM and are visualised
inFigures9 5t09 9, for TPE LSM PSFsareillustrated in Figures9 10to 9 12.

In Figure 9 5,9 6, 9 8, 9 9 three-dimensional theoretical and experimental point spread
functions in different mounting media visualised by AVSExpress are shown for one
photon excitation CLSM with the water objective 60 fold magnification.

In Figure 9_7 the oil immersion objective 40 fold magnification was used.

In Figure 9 10 and 9 11 experimental point spread functions, in Figure 9 12 theoretical
point spread functions are shown for two photon excitation laser scanning microscopy.

The PSF for wide field fluorescence microscopy (Fig 9 5 red) is more extended than that
for confocal fluorescence microscopy both with big (Fig 9_5 yellow, which appears orange
because of overlapping effects) and small pinhole (Fig 9_5 blue). The PSF imaged through
the appropriate small pinhole with a radius of 10 pm which should be used for 60 fold as
well asfor 40 fold magnification exhibits the smallest dimensions.

In different mounting media different distortions in different directions emerge.

The longer the emission wavelength the more extended is the point spread function, how-
ever the experimental 2P PSF in PBS of green and orange fluorescent microspheres over-
lap nearly totally. They were measured the same day with the same settings of the laser
scanning m croscope.
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One Photon Excitation Confocal Laser Scanning Microscopy
Visualised by Advanced Visual Systems (AVS), Surface Rendering:
Point spread functions (PSFs) in PBS - Magnification: 60x Water Objective

Object: orange fluor(escent) microspheres

Mounting Medium: PBS Em(mission) Filter: 590 + 30 nm

Blue: With Small Pinhole,@ = 20 pm (optimal), backprojected pinhole radius: 167 nm
Yellow: With Great Pinhole, @ = 50 um, backprojected pinhole radius: 417 nm
Red: Without Pinhole (like Conventional Wide Field Fluorescence Microscopy
FIG9 5 Experimental (Exp) PSF orange in PBS under different conditions

The small pinhole (20 um diameter) appropriate for a 60 fold magnification was
applied for cellular measurements.

FIG9 6 Theoretical (Theo) and Exp. PSF in PBS

Small Pinhole,d =20 um,  backprojected pinhole radius: 167 nm
Mount(ing) Med(ium): Phosphate Buffered Saline (PBS)

Blue: Theo. PSF orange (fluor. Microspheres) Em Filter: 590 = 30 nm
Yellow: Exp. PSF green (fluor. Microspheres) Em Filter: 515 + 15 nm
Red: Exp. PSF orange( fluor. Microspheres) Em Filter: 590 + 30 nm



One Photon Excitation Confocal Laser Scanning Microscopy

Visualised by Advanced Visual Systems (AV S/Express), Surface Rendering:
Point Spread Function - Magnification: 40x  Oil Immersion Objective
Mounting Media: Mowiol and Vectashield (Antifade Reagent)

Small Pinhole: @ =20 um,  backprojected pinhole radius: 250 nm

FIG9_7 Theo. and Exp. PSF in Vectashield and Mowiol

Blue: Theoret. PSF green Mount. Med: Vectashield Em.Filter: 515 nm = 15 nm
Yellow: Exper. PSF green Mount. Med.: Vectashield Em.Filter: 515 nm = 15 nm
Red: Exper. PSForange = Mount. Med.: Mowiol Em.Filter: 590 nm = 30 nm




One Photon Excitation Confocal Laser Scanning Microscopy

Visualised by Advanced Visual Systems (AVSExpress), Surface Rendering :
Point Spread Function - M agnification: 60x Water Objective
Theoretical (Theo) and Experimental (Exp) Point Spread Function (PSF)
Different Mounting Media

Small Pinhole: @ = 20 um, backprojected pinhole radius: 167 nm

Blue: Mounting Medium: PBS Exp. PSF green Em Filter: 515 £+ 15 nm
Yellow: Mounting Med: Vectashield Exp. PSF green Em Filter: 515 £+ 15 nm
Red: Mount. Medium: Mowiol Exp. PSF orange Em Filter: 590 £ 30 nm

FIG 9_8 Exp PSF in various Mounting Media

FIG 9 9 Theo PSF in various Mounting Media

Blue: Mounting Medium: PBS Theo. PSF green Em Filter: 515 + 15 nm
Yellow: Mount. Med: Vectashield  Theo. PSF green Em Filter: 515 + 15 nm
Red: Mount. Medium: Mowiol  Theo. PSF orange Em Filter: 590 = 30 nm



One Photon Excitation Confocal Laser Scanning Microscopy
Visualised by Advanced Visual Systems (AVS), Surface Rendering:
Point spread functions (PSFs) in PBS - Magnification: 60x ~ Water Objective

Object: orange fluor(escent) microspheres

Mounting Medium: PBS Em(mission) Filter: 590 + 30 nm

Blue: With Small Pinhole, @ = 20 um (optimal), backprojected pinhole radius:
167 nm

Yellow: With Great Pinhole, @ = 50 pm, backprojected pinhole radius: 417 nm

Red: Without Pinhole (like Conventional Wide Field Fluorescence Microscopy)

FIG9 5 Experimental (Exp) PSF orange in PBS under different conditions

The small pinhole (20 um diameter) appropriate for a 60 fold magnification was
applied for cellular measurements.

FIG9_6 Theoretical (Theo) and Exp. PSFin PBS

Small Pinhole,d = 20 um, backprojected pinhole radius: 167 nm
Mount(ing) Med(ium): Phosphate Buffered Saline (PBS)

Blue: Theo. PSF orange (fluor. Microspheres) Em Filter: 590 + 30 nm
Yellow: Exp. PSF green (fluor. Microspheres) Em Filter: 515 + 15 nm
Red: Exp. PSF orange( fluor. Microspheres)  Em Filter: 590 + 30 nm
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10. Localisation of Reactive Oxygen Speciesin HepG2 Cells

The localisation of ROS were performed by one photon excitation CLSM pictured as 3D
visualisation in the Figures 10 _1, 10 2, 10 3 and by TPE LSM illustrated three dimen-
siondly inthe Figures 10 4,10 5,10 6,10 7,10 8, and 10_9. One single or two Hep G2
cells (Fig 10_7) are shown in these figures. Perinuclear mitochondrial mass, stained with
MitoTracker Red, is depicted in pink. DCF and Rhodamine fluorescence in green, the hot
spots in blue, the highest intensities in white or yellow.

Figure 10 1 represents one single HepG2 cell with perinuclear mitochondrial mass as well
as Rhodamine 123 (RHO) fluorescence. Yellow probably indicates the hypothesized hot
spots located inside and outside of mitochondrial compartments surrounding the cell nu-
cleus. RHO can never be found in the cell nucleus in contrast to DCF after long term use
shown in Figure 10 3. Figure 10 2 and 10 3 both demonstrate the perinuclear compart-
ment filled up with mitochondrial mass and DCF fluorescence. DCF is first found perinu-
clear in the cytoplasm inside and outside of mitochondria in Figure 10_2. This image was
recorded about 20 min after staining HepG2 cells. About 30 min after staining DCF can be
imaged with different fluorescence intensities aso inside the cell nucleus illustrated in Fig-
ure 10_3. The cells were imaged immediately one after the other in the same specimen.
Visualised by two photon excitation laser scan microscopy Figure 10 4 represents one
single HepG2 cell with clear separation of perinuclear non mitochondrial and mitochon-
drial compartments containing hot spots of RHO generation. Shortly after staining DCF
can be imaged in the perinuclear space as shown in Figure 10 5 and about 30 min after
staining within the cell nucleus illustrated in Figure 10_6.

In Figure 10_7 nuclear space marked by DAPI fluorescence of two HepG2 cells (depicted
in red) is surrounded by mitochondrial compartments (pink) and non mitochondrial com-
partments containing the hypothesised hot spots of RHO generation (white or blue and
green). Triple labelled cells with DCF fluorescence are pictured in Figure 10_8 and Figure
10 9. DAPI fluorescence (red) overlaps with DCF fluorescence (green, hot spot in white)
in the cell nucleus surrounded by mitochondrial mass (pink).

The Signal to Noise ratio, the number of performed iterations and the Quality factor of the
estimated non deconvoluted images are shown in Table 10_1.
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Figure| Staining |Maximal Estimated Signal  to| Number of | Quality
Voxed Value |background Noiseratio | Iterations | factor
10 1 |1PDHR |255 12.120469 4.587 67 2.49364
MT 255 10.090449 5.027 27 1.77756
10 2 |1PDCF |111 11.294317 3.135 44 4.0826
MT 183 11.419381 4.003 32 6.9862
10 3 [1IPDCF [145 10.388564 3.736 51 4.4393
MT 255 11.508786 4.707 34 3.9655
10 4 |2PDHR |255 6.789117 6.129 89 1.8771
MT 255 8.111981 5.607 38 1.9447
105 [2PDCF |[255 9.328216 5.228 28 1.5317
MT 255 9.999952 5.050 28 1.8533
10 6 [2PDCF |[228 9.206805 4.977 58 2.1903
MT 222 8.563297 5.092 56 2.94767
10 7 [2PDAPI [255 9.508552 5.1786 30 2.8595
DHR 255 9.854968 5.0868 34 3.0364
MT 255 10.244842 4.989 30 2.6838
10 8 [2PDAPI [255 9.999222 5.050 29 4.55994
DCF 255 10.812318 4.856 24 3.00361
MT 255 10.513561 4.925 23 3.88723
10 9 [2PDAPI [255 10.216226 4.996 27 3.98164
DCF 255 12.855393 4.454 22 2.13333
MT 255 11.575617 4.694 20 1.8893

Table10_1 Specifications about the Signal to Noise ratio of the non-deconvoluted image, the number of
iterations to obtain the convoluted image and the quality factor (1-divergence measure) of the performed
deconvolution process.

1P = 1Photon Excitation, 2P = 2Photon Excitation, DCF = 2',7' -Dichlorofluorescein, DHR = Dihydrorho-
damine 123, MT = MitoTrackerCM XRos, DAPI = 4’ ,6-diamidino-2-phenylindole, dihydrochloride
Confocal images of different dyes which contribute to one figure had to be deconvoluted seperately.

A signa to noise (S/N) ratio below 5 actually lowered the lateral resolution using the MLE
estimation (A S/ N below 3 reduces the axial resolution).
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One Photon Excitation Confocal Laser Scanning Microscopy

of Human Hepatoma Cells (HepG2) visualised by AV S/Expr ess,
Surface Rendering, M agnification: 60 x Water Objective
Mounting Medium: PBS :

FIG 10 1 OneHepG2cell stained with:

MitoTracker Red CMXRos (MT)
showninviolet, Isolevel: 300 |
EmFilter: 620+ 30 nm

Dihydrorhodaminel23 (DHR) convertedin ( »)
Rhodamine 123 (RHO)
shownin green, Iso level:300

EmFilter: 515+ 15nm
The hot spots of ROS generation

are shown in blue, Iso level: 3400; and
yellow, Iso level: 5450.
Maximal value of |sosurface RHO: 6810.5

FIG 10 _2 One HepG2 cell 20 min after staining, FIG 10_3 One HepG2 cell 30 min after staining,

stained with: stained with:

2',7* Dichlorodihydrofluorescein diacetate H,DCFDA » DCF

(H,DCFDA) » 2',7* Dichlorofluorescein (DCF)

green, Isolevel: 80 green, Isolevel: 80

hot spot in blue, Iso level: 250 hot spot in blue, Iso level: 300

highest intensities in white, Iso level: 400 highest intensitiesin white, Iso level: 400

Maximal value of Isosurface DCF: 491.3 Maximal value of Isosurface DCF: 1150.1
EmFilter: 515 + 15 nm EmFilter: 515 + 15 nm

MT shownin violet, Iso level: 80 MT shownin violet, Iso level: 130

EmFilter: 590 + 30 nm EmFilter: 620+ 30 nm



Two Photon Excitation Laser Scanning Microscopy

of Human Hepatoma Cells (HepG2)

Visualised by Advanced Visual Systems (AV S/Express), Surface Rendering:
M agnification: 60 x Water Objective

Mounting medium: PBS

FIG10 4 One HepG2 cell  stained with:

MT
shown in violet, Iso level: 300
EmFilter: 620+ 30 nm

DHR » RHO
shown in green, Iso level: 300
EmFilter: 515 + 15 nm

The hot spots of ROS generation

are shown in blue, Iso level: 1000; and
white, Iso level: 3500.

Maximal value of Isosurface RHO: 4379.2

FIG 10_5 One HepG2 cell shortly after staining FIG 10_6 One HepG2 cell 30 min after staining

Both are stained with:
H,DCFDA » DCF EmFilter: 515 + 15 nm
green, Isolevel: 300 green, Iso level: 300
hot spots: blue, white; 1so level:1000, 4250 hot spots: blue, white; 1so level: 1000, 2340
Maximal value of Isosurface DCF: 5314.5 Maximal value of Isosurface DCF: 2932.9
MT EmFilter: 620 £ 30 nm MT Em Filter: 590 = 30 nm

violet, Iso level: 300 violet, Iso level: 300



Two Photon Excitation Laser Scanning Microscopy

of Human Hepatoma Cells (HepG2)

Visualised by Advanced Visual Systems (AVS/Express), Surface Rendering

Magnification: 60 x Water Objective

Mounting Medium: PBS

FIG 10 _7 Two HepG2 cells stained with:

Dye

DAPI red
MT violet
DHR» RHO green
Hot spots of RHO fluorescence blue

Maximal value of |sosurface RHO

Emmission Filter Iso level
470 + 15 nm 300
620 + 30 nm 300
515+ 15 nm 300
600
2356.5

20,0

; Iri 16,0,

The hot spots of RHO fluorescence are shown in light blue, they are localised perinuclear.




Two Photon Excitation Laser Scanning Microscopy

of Human Hepatoma Cells (HepG2)

Visualised by Advanced Visual Systems (AVS/ Express), Surface Rendering:

Magnification: 60 x Water Objective

Mounting medium: PBS

Hep G2 cells stained with:

Dye

DAPI red

H,DCFDA » DCF green

hot spots of DCF light blue / white
MT violet

Emission Filter

470+ 15 nm
535+ 15 nm

620 + 30 nm

FIG 10_8 One HepG2 cell with fluorescence of

Iso level
DAPI 150
MT 200
DCF 200

Iso level of hot spot of DCF. 700
Max. value- DCF Isosurface: 1043

FIG 10_9 One HepG2 cell with fluorescence of

Iso level
200
200
200

Iso level of hot spot of DCF. 800
Max. value - DCF Isosurface: 1066

The hot spots of DCF are shown in light blue, they are localized in the nucleus
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10.1 Signal to noiseratio of OPE CLSM versus TPE LSM for visualised

HepG2 cells befor e deconvolution

To investigate the improvement by the new implemented method, a comparison of Signal
to Noise ratio of the non-deconvoluted cell data of OPE CLSM and TPE LSM was per-
formed. Table 10 2 shows the represented Figures 10 1 to 10_6, the PMT gain, the signal
to noise ratio of deconvoluted data, the lowest I1so level which was used as a threshold

between background and fluorescence intensities, and the Maximal value of Isosurface.

Figure | Staining PMT  gain| back- Signd to|lowest Iso| Maxima vaue
(DHR/DCF) |ground |Noiseratio |level of |sosurface

101 |[IPDHRMT | 2.9 12.120 |4.587 300 6810.5

10 2 |1IPDCFMT |3.2 11.294 |3.135 80 491.3

10 3 |[1IPDCFMT |2.7 10.388 |3.736 80 1150.1

10 4 |2PDHR MT | 3.8 6.789 6.129 300 4379.2

10 5 [2PDCFMT |2.8 9.328 5.228 300 5314.5

10 6 |[2PDCFMT |34 9.206 4977 300 2932.9

Table 10_2 Comparison signa to noise ratio OPE CLSM vs. TPE CLSM

During data acquisition usually the maximal voxel value of the images usual was 255.
Only for OPE CLSM images for cells stained with DCF and MT, this could not be
achieved as the background fluorescence was increasing so quick, that more PMT gain
would have lead to no more visible structures or hot spots.(for Figure 10 2: 111, for Figure
10_3: 145). This appears also in the low value of the Iso threshold, which had to be set on
80, as mostly for OPE CLSM, for not loosing any information.

As atendency it can be seen that the background fluorescence is less for 2P CLSM, there-
fore the Signal to Noise ratio is improved, although this is not directly correlated to the
maximal value of isosurface. However if the maximal voxel value could not be achieved

and the signal to noise ratio was low, either the maximal value for the Iso level.
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For the two different staining methods and the two different acquisition methods, the aver-

aged signal to noise ratios and their standard deviations were as it is represented in Table

10 3.

Imaging 1P 1P 2P 590 2P 620 2P 590 2P 620
Staining DHR MT |DCFMT |DHR MT |[DHR MT |DCF MT DCF MT
AESIN 4.373 4.075 5.000 5.9285 4.879 5.105
Std deviation | 0.479 0.781 0.4285 0.1618 0.4845 0.2526
No of images | 7 4 15 6 11 13

Table 10_3 Signal to noiseratio and standard (std) deviation of convoluted data for Rhodamine 123 respec-

tively DCF.

The signal to noise ratio is better for TPE LSM in comparison to 1P CLSM, and better for
Rhodamine 123 than for DCF.
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|V DISCUSSION

11.Thefluorophores DCF and DHR, MT and DAPI arethey

suitable for Two Photon Excitation Laser Scan Microscopy?

As summarised in Table 8 4 the fluorescent dyes DAPI and Rhodamine have blue shifted
excitation maximums, MitoTrackerRed and 2’ 7'-DCF have red shifted ones compared to
extrapolated doubled OPE excitation maximums. This demonstrates indeed that that TPE
excitation maximums cannot be derived from extrapolated doubled OPE excitation maxi -
mums. Furthermore the compared spectra have different shapes, this may be due to differ-
ent transitions that may occur during OPE respectively TPE because of different selection
rules and the effects of vibronic coupling as it explained in paragraph 3.1. The emission
maximums should not change, as emission should always take place from the same, the
lowest vibrational level of the singulett S, level, but they show a shift of 10 —=15 nm. This
could be due on the one hand because fluorescence spectroscopy is an absolute measure,
already variations of £ 5 nm are allowed for the same sample measured with the same in-
strument. As the measurements were undertaken on different instruments mayor variations
of mayor differences may occur. Or isthis due to effects of vibronic coupling?

Although the excitation maximums of the discussed dyes are more or less in the tunable
range of MIRA from 710 to 1000 nm: DAPI at 690 £ 10 nm, Rhodamine 123 at

921 + 10 nm, 2',7’-DCF at 1065 nm and at > 1150 nm, only MT has its maximum sorme-
where > than 1150. Maximal excitation, which can be derived from the low intensity level
of emission, was not at al reached by the laser output fixed for the experiments at 798 nm
(as tuning demands a lot of adjustments). The low levels of emission at this wavelength
are represented in Figures 8 3 for DAPI, 8 8 for DCF, 8 11 for MT, and 8 18 for Rho-
damine. But as the spectroscopic measurements (OPE and TPE) were performed on differ-
ent instruments intensity levels cannot be directly compared. The induced excitation still
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was sufficient as TPE LSM could successfully exerted, perhaps pointing out that this kind

of microscopy is very sensitive.

11.1 Appropriate dye—filter combinations

Appropriate dye-emission filter combination were as it is represented in the following &
ble. All filters were Bandpass Filters, as they transmit light only within a defined spectral
band of either 10 nm, 30 nm or 60 nm.

The 2P Filter additionally were Shortpass Filters as they transmit only below 700 nm.

Dye DAPI RHO DCF MT
Filter 1P |- 515 515 590 (or 620)
Filter 2P |470 515 or 535 | 515 or 535 |590 or 620

Table11 1 Appropriate Dye - Filter combinations

The 2P optical barrier filter could either be used for 1P excitation, but not vice versa, be-
cause of the excitation wavelength of 798 nm the shortpass properties of the 2P filters were
needed for TPE LSM.

12. Consderations about the measured and calculated PSFs

12.1 Point Spread Function of a Conventional versusa Confocal L SM
(OPE)

The comparison of the PSF of a conventional wide field fluorescence microscope with one
of aCLSM, illustrated in Figure 9_5 may make clear where the optical sectioning capacity

of a CLSM comes from. In both cases looking close to the focal point asit isillustrated in
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Figures9 41 and k they have a shape reminding at the ideal point spread function asit was
described in chapter 4 and they show a diffraction pattern which is due to the lens. If the
point source of light is perfect we will get a high symmetrically pattern like it can also be
seen in the theoretical point-spread function in Figure 9_1of which the central part in the
transverse plane (perpendicular to the symmetry axis of the lens) is an *Airy Disc’. This
disk has its maximal light intensity in the central point, represented in Figure 12_1. The
radius of the inner dark ring is an resolution element (or resel) as it is the measure of the
resolving power of the microscope and nearly the same as the diameter of the disc at 50 %
intensity (FWHM), which we took to measure the resolution power of the TPE LSM. The
measured FWHM corresponds to the dark ring surrounding the blue ring in the illustra-
tions.

Airy Disk: PSF cross section at z=0

4 pm lateral
4 ym lateral

d pm lateral 1 Ttd

FIG 12_1 The point-spread function in the focal plane Left: Linear grey scale Right: Logarithmic grey scale
(Webb 1999)

12.1.1 Principle of calculation of a PSF for a standard fluor escence microscope

When the lensisilluminated by a perfect point source, the amplitude PSF h(x,y) of alensis
defined as the transverse spatial variation of the amplitude of the image received at the
detector plane. But due to diffraction coupled with aberrations like it is seenin Figure 9 4
in the lens and on the optical pathway the image of a perfect point source will be smeared
out into the blur spot occupying afinite area of the image plane. Because of reciprocity, the
function h(x,y) then denotes also the amplitude variation at the focal plane. The intensity
PSF of an object, 1,(X,y) = |h(x,y)|2, can be defined in the same way as the spatial variation
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of the intensity of the image received at the detector plane when the lens is illuminated by
a perfect point source.

The main difference between the imaging characteristics of a standard fluorescence micro-
scope and the confocal one lies in the method of illumination and detection. The epifluo-
rescence microscope illuminates the entire sample uniformly from an incoherent light
source, comparable to the non-use of the pinhole, i.e. a spatially incoherent type of illumi-
nation is used and a large-area detector made up of many pixels, detects the image. Al-
ready the use of awider detection pinhole which is seen in Figure 9_5 will reduce the con-
focal effect, because of the bigger size of the PSF. (see below). In the standard fluores-
cence microscope, a point on the sample isimaged as a diffraction-limited spot on the de-
tector only by the objective lens. Therefore the amplitude of the image field at the detector
of apoint object is given by the Airy function h(r). The intensity PSF of the microscope of
an ideal instrument is subsequently since the source is incoherent equal to the square of the

amplitude response of the objective lenslensig(r) = |h(r)[~

12.1.2 Principle of calculation of a PSF for a CL SM

As in the CLSM only one point on the sample is illuminated at a time through the objec-
tive, this point source illumination is spatialy coherent. The amplitude of the illuminating
field at the sample is then given by the PSF of the objective onto a point detector, thus the
amplitude PSF of this microscope is given by Ac(r) = |h2(r)]?, where the subscript C de-
notes a confocal microscope. (Corle 1996)

In contrast to the used intensity PSF in the standard fluorescence microscope, for the
CSLM the amplitude PSF must be used in imaging calculations.

Why the PSF of aconfocal microscope is the square of a standard one?

Because the image in a confocal microscope is formed by recording light primarily from a
small focal volume, largely ignoring points to the side or above or below. That volume,
described as PSF, is the product of two similar functions that are generated by the objective
lens. The integral is of ‘light that reached a sample point and got back through the pin-
hole.” (Webb 1999) Although the PSF are similar, there are independent. One is the point-
spread function for the illumination source PSFs. (S for source) The other one is the point-

spread function for the collection pinhole PSFe. (P for pinhole)
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If the sample is featureless, its “remittance” (that include reflection, scattering, refraction,
diffraction, fluorescence — al things that the sample does to redirect light) is everywhere
the same, as it would be in a fluorescent liquid. The detector is going to register light
coming through the pinhole, from every part of the sample illuminated by PSFs and sam+
pled by PSFr. Every point ‘feels’ the influence of both point-spread functions which are
independent to each other, subsequently they should be multiplied. The product point-
spread function is a point-spread function for the whole microscope, a confocal point-

spread function.
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Figure 12_2 The calculated intensity PSF |h(r)|2 for anideal objective (NA=1,3)in (a)
for| =488 nm, in (b) for 550 nm and in (c) for confocal microscope with these excitation and emission
wavelengths. The PSF corresponds to the illumination intensity distribution in the focal region when a point
likeillumination is applied. The contours mark points of equal intensities (isophotes). The highest intensity is
reached at the focal point (r=0, z=0) The function |h(r)|2is proportional to the probability that an excitation
photon reaches an object point on the circle (r,z) for a, for b that a fluorescent photon is emerging from (r,z)
is able to reach the point detector, for ¢ the calculated function H,; (r,2) is proportional to the probability
that an excitation photon reaches an object point (r,z) and and an emission photon is subsequently detected
in the photodetector. Theisophotos of H, (r,2) which is equivalent to an increased stepness and anim-
provement of the point resolution along al directions. (Kriete 1992)

Expressed in terms of probability: The probability of detecting a photon is the probability
that a photon goes through the pinhole to the sample and back from the sample through the
pinhole. These are independent probabilities, such as the mutual probability is their prod-
uct: PSFcr = PSFs x PSFp, the same is valid for the mutual intensity. Because of that mul-
tiplication, the recorded light is greater than even the integrated total of the light from all

other points in a thick sample. Figure 12 2 shows how much sharper the confocal point-
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spread function is than either the source or the pinhole point-spread function. Subsidiary
peaks that were 0.01 times the main peak become now 0.0001. That reduction of the inten-
sity away from the central peak is the source of the increased contrast and the optical sec-
tioning capacity. The blurring in the wide-field microscope is therefore due to his PSF. The
signal to noise ratio of the averaged bead was very high (>2000 in contrast to around 20),
because light from all image planes contributed to the intensity. Figure 9_4k, which shows
the optical cut through the wide field PSF seems to contradict the three-dimensional recon-
struction in Figure 9 5 as the optical slice and the explained calculations. To resolve this
contradiction, the different sampling densities and the size of the sampled area has to be
taken into account, being for the wide field mode twice the sampling distance and subse-
quently the field of the corresponding confocal PSF. This bigger size is represented within
the same size of area, because the used window in Huygens2 to save these cuts were the
same as for the other PSFs whose sampling distances are very close to each other; you may
do this scale up in thought. For the same settings in 1P and 2P the same sampling distances
were taken, therefore the latter can be compared directly.

12.2 Detector Aperture Size

A small pinhole detector is needed for the optical sectioning capacity, but it cannot be as
small as one would like because of signal to noise ratio problems. The image formation in
a fluorescence microscope (either confocal or conventional) will only be linear at moderate
values. At high excitation intensity the fluorescent dyes will be saturated. Furthermore, at
the very high intensities which can be obtained with pulsed lasers, the realm of non-linear
optics is entered, e.g. in two photon excitation. The occurring non-linear phenomena can
be used as ‘ contrast mechanism’ (i.e. as the quantity which isimaged).

A ‘point’ pinhole does not exist as a point is a mathematical fiction, so tiny that no light
would come from it. However, a star is a pretty good real point source because the image
of the star is smaller than the point-spread function of the lens we use to observe it. The
same is true for a point pinhole. If the extent of the pinhole is less than the point-spread

function of the lens, then the pinholeis the point source.
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The resolution data given in section 4.1.1 are based on the assumption that an infinitely
small detector is used. If the size of the detector pinhole aperture is increased, the imaging
properties approaches those of a conventional microscope, the lateral resolution first suf-
fersasshownin Figure 9 4. For TPE LSM as a second pinhole is not used and all the dif-
fusing photons are collected and the excitation wavelength is doubled, the lateral resolution
is also diminished which can be derived from the broader dark blue ring. The depth resolu-
tion is not so critically dependent on a small aperture size. Although a larger aperture size
gives in general a higher signal level, as it is extremely shown for the widefield fluores-
cence microscopy, where the signal to noise ratio of the averaged beads is very high,
opening the aperture beyond a certain limit will mainly add stray light from out-of-focus
planesto the signal.

If the maximum permissible deterioration in the FWHM depth discrimination is set to

08551 M
NA

wherel isthe wavelength, M the objective magnification and the NA the numerical aperture of the objective.

10 %, the maximum detector diameter for fluorescence microscopy, isD =

For a 40 fold magnification , oil immersion objective with NA 1.3, | of 515 nm the appro-
priate pinhole aperture is 13, 5 um, for a 60 fold magnification, the same wavelength, wa-
ter immersion objective with NA 1.2, the recommended diameter is 22 um. In both cases
we used a pinhole with 20 um diameter. (Radius r = 10 um) For the bigger pinhole of 50
pm diameter, the signal to noise ratio was lowered because of stray light and lateral and
depth resolution was less, which is derivable from the bigger PSF three dimensionally de-
picted in Figure 9_5 than that for the smaller pinhole, which was used for the conditions
under which the HepG2 cells were imaged.

12.3 Aberrations

Due to refractive mismatch as it is explained in chapter 4, the PSF in PBS could not be
determined for the 40x oil objective.

All the measured point spread functions in Figure 9 _4 show different aberrations depend-
ing on the settings which were used at that day and they will aways differ after a longer
manipulation period. Therefore there is the postulation that the PSF should be determined
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before each manipulation, every day would be ideal, however this is difficult to perform.
One step is to optimise the illumination such as the focal plane isilluminated more even.
Aberrations appeared more in TPE LSM than in OPE CLSM using the water objective, in
particular to demonstrated in the yz-plane of the 2P PSF LSM cutsin Figure9 4 f, g, m, o.
In OPE PSF images with the oil immersion objective 40 aberrations in Mowiol or Vec-
tashield can be seen mostly in the xz-plane Figure in both OPE and TPE this will lead to
deteriorate the resolution limits. The smallest lateral FWHM occur in OPE CLSM imaging
with the water objective (60 x) illustrated in Figures 9 4 e, i or | (qualitatively estimated).
The FWHM of the 2P ‘green’ PSF in PBS was quantitatively determined as well.

12.4 Theresolution limitsof TPE LSM for 515 nm emission wavelength

As demonstrated in FIG 9 2 270 nm is the theoretical lateral resolution limit at 515 nm
emission wavelength, it should be a bit less as the PSF is reaching the maximal value of
255 (8 hit grey scale) too early, the corresponding theoretical Full Width of Half Maximum
in z-direction is shown FIG 9 2b: 1960 nm is the theoretical axial resolution limit at 515
nm emission wavelength, it should be a bit less as the PSF has a plateau at the maximal
value of 255 (8 bit grey scale)

Looking a Figure 9 2 a, illustrating the experimental Full Width of Half Maximum in x-
direction, 670 nm seems to be the experimental lateral resolution limit at 515 nm emission
wavelength, but perhaps of superposition effects of the averaged beads, the fluorescence
intensity could not fall at its half value when the intensity diminishes the first time at 1175
nm and 2000 nm, i.e. 225 nm would be the FWHM which would correspond to expected
value between 0.611 / NA =0.61 * 515 nm/ 1.2 = 262 nm and

0.461 /NA =046 * 515 nm/ 1.2 = 197 nm. But still al determined FWHM are above the
expected values, because the histogram of the PSF showed an exaggerated intensity distri-
bution with a expanded plateau at 255. Even the theoretical PSF exhibit a plateau as they
are restored with the values of the experimental PSF except for aberrations. For the focal
plane x, y alateral resolution limit between 0.61 | /NA for wide field one photon excita-
tion fluorescence microscopy and 0.46 | /NA for CLSM is expected with | =515 nm and

NA = 1.2, i.e. between 262 nm and 197 nm, but the value for theoretical X,y resolution
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derived from the intensity distribution demonstrates already a bigger value of 270 nm. For
axial resolution, in direction of the z-(optical) axis, Jens Eilers, Max-Planck-Institute for
Brain Research in Frankfurt found for his TPE CLSM a vaue of 1,7 um (private commu-
nications). The experimental value of the used CLSM seems to be very high with 6,25 pum.
If the shape of the curve is compared with the theoretical one, it seems that superposition
has happened, perhaps because severa beads are averaged which do not have the same
shape as they were imaged at different sites and the illumination was differing.

However, the FWHM describes the resolution, which is a theoretical value, that is nearly
never achieved as there are certain fundamenta differences between optical and physical
sections. The latter will produce well-defined ones between the sections without ‘spill
over’. However, there is no sharp boundary between consecutive optical sections. Thereis
a certain ‘spill-over’ of light from one section to the next. Regardless of the distance be-
tween the sections, light from extremely bright specimen parts will often be clearly visible
over much larger vertical distances than the FWHM value. Additionally all specimen parts
above the recorded layer may absorb and/or in influence the light travelling to and from the
focuslayer. Optional sectioning is therefore only useful for fairly light transparent objects.
The given lateral and depth discrimination data are based on the assumption of aerration-
free optics. This is not true in our case, therefore the resolution is lower. Especially con
cerning the depth discrimination aberrations are problematic, since microscope objectives
are designed to perform well in conventional rather than confocal microscopes. In particu-
lar chromatic aberrations may noticeably deteriorate the optical sectioning performance in

confocal fluorescence LSM.

13. Localised ROSgeneration in HepG2 cells

Chandel et a (1998) has asked: ‘ Could ROS originate at nonmitochondrial sites?

His answer was ‘ ROS can be generated by membrane NADPH oxidase or cytochrome Pyg.
However these sites would be expected to decrease ROS generation at low O, concentra-
tions. Although such oxdidase systems exist in HepB3 cells, their role in the EPO-response
has not been reported.’
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The three dimensional visualisation of the HepG2 cells represented in Figures 10 1, 10 2,
10 4, 10 7 illustrate that the fluorescence of DCF and RHO was brightest in the vicinity of
nuclei, i.e. the ROS generation was the highest perinuclear within mitochondria well dis-
tinguishable by MitoTrackerRedCMXRos staining, and outside of mitochondria. In fluo-
rescence microscopy, used to detect the object by confocal laser scanning, mitochondria
were seen as worm-like structures as long as the cell was living. (This appearance served
also as indicator for the vitality of the cells, as mitochondria will become round when the
cell isdying). As surface rendering was used for visualisation, i.e. the fluorescence above a
certain level will be seen, the structures seems to be more broadened. It is known that the
fluorogenic dyes for ROS detection do not directly detect superoxide, but rather react with
hydrogen peroxide in the presence of peroxidase, cytochrome ¢ or Fe?*. Own experiments
(not shown) confirmed this. H,O, itself is an inert reaction partner hinting at the possible
importance of the degradation products of H,O, either mediated by the different scaveng-
ing systems like glutathione, thioredoxine and catalase, or the Fenton reaction. Fluores-
cence intensity hot spots could be found mitochondrial and non mitochondrial. Therefore
we conclude that reactive oxygen species are generated mitochondrial as well as non mito-
chondrial. For the first time a clear distinction between both compartments can be seen,

evidencing an involvement of non-mitochondrial sites of ROS generation.

13.1 Intracellular sites of ROS generation

Korsmeyer postulated 1995 that intracellular sites where free radicals of oxygen are gen-
erated include mitochondria, the endoplasmatic reticulum (ER) and, perhaps nuclear mem
branes. Further 3D reconstruction by surface and volume rendering of stably transfected
HepG2 cell confocal data revealed indeed perinuclear ER as the dominant cellular com-
partment housing the Fenton reaction followed by mitochondria and Golgi apparatus. Cells
were stabely transfected with gene constructs in which expression of red fluorescent pro-
tein was directed to signal peptides specifically to mitochondria, endoplasmatic reticulum
and Golgi apparatus (Wotzlaw et al. 2001) Investigations with both dyes 2',7'-
dichlorofluorescin and dihydrorhodamine in cultured endothelial cells (Royall and Ischiro-

poulos 1993) demonstrated that 2',7’ -dichlorofluorescin diacetate which is cell membrane
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permeable and undergoes conversion by intracellular esterases to 2,7’ -dichlorofluorescin
(dichlorodihydrofluorescein) and is proposed to be trapped intracellularly, is not trapped
within endothelial cells, nor is 2'-7'-dichlorofluorescein. For that reason perhaps DCF can
also easily pass the nuclear membran. Or if DCF diacetate is not completely converted by
intracellular esterases, it is nuclear membran permeable (, then esterases should aso be in
the nucleus.)

Hempel et al. (1999) conclude from their experiments with different probes to detect ROS
that both dyes are not detecting a specific species, such as H,O,, but rather function as de-
tectors of a broad range of oxidizing reactions that may be increased during intracellular
oxidant stress. Even intracellular catalase was able to oxidise the probes to fluorescence.
However, they found that DHR123 is the probe most readily oxidised by H,O,. Also Roy-
al and Ischiropoul os report that dichlorofluorescein was oxidized by H,O, in the presence
of iron, by H,O, plus horseradish peroxidase and by horseradish peroxidase aone. This
oxidation was most likely mediated by formation of ferryl ion, which has similar reactivity
and is kinetically indistinguishable from hydroxyl radical.

Could it be that ROS are generated, perhaps not imperatively by a Fenton reaction in the
nuclear membran and still cell membran permeable DCFDA arrives in the nucleus, being
deacetylated, or DCF itself, which then reacts with intranuclear oxidants or is oxidised
DCF passing the cell membrane either by diffusion or using special pores? Interestingly
peroxisome proliferator-activated receptors (PPAR) agonists generate reactive oxygen
(without involving mitochondria), inducing dimerization of PPAR with the retinoid X
receptor-3 (RXRRR). PPAR/RXRN dimers responsible as a the transcription factor for in-
duction of acyl-CoA oxidase, an enzyme that transfers electrons directly to oxygen to pro-
duce H,0,. (Dalton et al. 1999)

Rhodamine 123 obviously cannot pass the nuclear membrane and is therefore better suited
for detecting cytoplasmatic hot spots, but it is accumulating in mitochondria and fluores-
cence will be seen in mitochondria dependent on the potential of the inner mitochondrial
membrane. The fluorescence is first quenched by a high potential, but becomes visible
with decreasing mitochondrial membrane potential thus at the end of the observation time
it was mostly found in mitochondria. Perhaps it gives a hint to the vitality of the stained
cells, which perhaps diminishes with decreasing mitochondrial potential andincreasing

RHO fluorescence.
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13.1.1 Mitochondrial formation of ROS

As explained in the introduction ROS can be generated either by cytochrome ¢ oxidase or
together with the proton-motive Q-cycle. Reduced coenzyme Q prefers to scavenge reac-
tive oxygen, whereas a high rate of oxygen utilization, coupled with a more-oxidised coen-
zyme Q state, will promote higher rates of mitochondrial superoxide formation, like does
energy uncoupling of mitochondria by Ca?* (if the cytosolic level of Ca* is high) and

the opening of the mitochondrial permeability transition pore(MPTP) which is affected by
the redox state of thiols and pyridine nucleotides. MPTP is a cyclosporin A-sensitive, Ca?*
-dependent, voltage-gated channel which allows passage of molecules of a molecular mass
not greater than 1300-1500. Ca*" -loaded mitochondria produce H,0, and lipid peroxides, a
process inhibited by cyclosporin A, which blocks the pore. One site of the two voltage-
sensing regions of MPTP - gated by acritical dithiol - regulates opening of the pore, when
GSH is oxidised to GSSG. Opening the pore results in energy uncoupling by a Ca* -
dependent decrease of mitochondrial inner-membrane potential. The second voltage-
sensitive site in the MPTP isin redox equilibrium with the pyridine nucleotide pool. This
site regul ates opening of the pore by an increase in the (NAD+NADP) : (NADH+NADPH)
ratio, even when GSH remains fully reduced. In general this pore is opened when the redox
state of the cell tends to become more oxidised, then the calcium influx will decrease mito-
chondrial inner-membrane potential. (Dalton et a.1999) A decreased activity of mitochon-
drial respiratory enzymes could favour an increased availability of NAD(P)H. High con-
centrations of NADH will maintain the iron-sulfur clusters of mitochondria redox en-
zymes such as complex | in a more reduced steady state. This situation will favour auto-
oxidation of the iron-sulfur clusters with molecular oxygen, thereby producing ROS at
sites distant from the ubiquinone substrate site of mitochondrial dehydrogenases. (Esposti
et al. 1999) This could be a reason for dequenched fluorescence of RHO when the mito-
chondrial potential is decreased.

The leakage in mitochondria of ROS is probably most likely due to cytochrome ¢ which
serves as carrier between b-c1-complex and cytochrome-oxidase complex, situated on the
side of the inner mitochondrial membrane in direction to the intermembran space, i.e. the
cytosol. (Kwast 1999)
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13.1.2 Non-mitochondrial, perinuclear formation of ROS

In the cytosol ROS may also be formed by enzymes with peroxidase activity, such as cyto-
chromes P-450, which sequentially transfer two electrons from NADPH to bound molecu-
lar oxygen or by dioxygenases, such as cyclooxygenases and lipooxygenases. In the course
of electron transfer, some of the activated oxygen is released as superoxide and/or Hy0,.
(Dalton et a.1999) Furthermore Gorlach et al. (1993) mentioned that inducing cytochrome
P-450, a member of the cytochrome b family, by phenobarbital application enhanced EPO
production in HepG2 cells, which is at first view a contradictory result, whereas addition of
exogenous H,O, inhibited hypoxia-induced EPO production in HepG2 cells like it does
added menadione or the catalase-inhibitor, aminotriazole by dose-depending elevation of
endogenous H,0, levels, hence lowering EPO formation. By co-incubation with catalase
this effect could be overcome. Low GSH levels facilitate H,O,-induced inhibition in
HepG2 cells, perhaps by affecting thiol groups in regulatory proteins. Dependent on peri-
cellular O,— tension H,0O, is generated endogenously in HepG2 cells.

These findings are supporting the hypothesis that oxygen radicals and H,O, in particular
are playing a crucia role in oxygen sensing and that ROS may be produced by a variety of
cytochrome b-(haem protein and FAD/FADH) containing eukaryotic membranes e.g. in-

teracting with cytosolic NADPH oxidising and NADP reducing enzymes.

13.2 The specificity of ROS detection

Ehleben et al. suggested (1997) because of the perinuclear dihydrorhodamine reaction 123
product, rhodamine 123 that the Fenton reaction occurs at distinct Fe-S cluster in HepG2
cells close to the cell nucleus, which might be linked to transcription factors as described
for the aconitase regulating the half life of ferritin and transferrin receptor m-RNA as an
iron-responsive binding protein.

Electron microscopy on freeze-dried cryosections of primary hepatocytes and HepG2 re-
vealed cells mass dense particles located in the cytoplasm cells in the close vicinity of the

nucleus containing undoubtedly iron. The ionic state of the iron or whether the iron is
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bound to proteins could not be determined. However, it was possible to colocalise iron and
dihydrorhodamine 123 conversion of H,O, in an iron mediated Fenton reaction in the very
near of the cell nucleus to yield "OH which is the reactive molecule. Kietzmann et a.
1998, Porwol et a (1998) Further, di- and tetra-methylthiourea, two scavengers of "OH,
which are cell-permeable and have been found to reduce the effects of hydroxyl in several
other cell systems, were able to antagonise the HO,-dependent inhibition on hypoxia
induced EPO production in HepG2 cells.(Fandrey et a.1997)

Although the incubation with cobalt or with desferrioxamine led to a decrease of the intra-
cellular H,O, level revealed by dihydrorhodamine 123 technique in HepG2 cells, the ex-
pression and secretion of VEGF in human leukemia cell line HL 60 was not induced by
hypoxia, but by iron chelators, indicating that the induction of VEGF secretion by iron
chelators use different pathways. (Cremer et al. 2001) This shows the necessity to further
investigate, if different cells use different pathways and if metal ions really mimick hy-
poxia or have other effects on the oxygen sensing pathway. However for the HepG2 cell

line results were consistent with the hypothesis of ainvolved Fenton reaction.

13.2.1 Thechemical lineage of ROS

Because of the chemical lineage illustrated in Figure 13 1, detection of other ROS beside
hydroxyl radicals could be possible. However, DHR123 is the probe most readily oxidised
by H,O,, and the dyes are preferably oxidised by hydroxyl radicals as it was explained in
section 7.5.6. The following presentation of the activated species beside the aready re-
ported findings will show that most probably a Fenton reaction isinvolved.
Molecular oxygen can be activated in two ways. to singlet oxygen or to superoxide anion
(radical). To be able to react with singlet, diamagnetic, ‘ordinary’ molecules with paired
electrons, *0, has —to overcome the rules of spin conservation by flipping the spin of one
of the two unpaired e ectrons to become singlet oxygen *O, with paired electrons. (reaction
1) This conversion requires 22.7 kcal mol-1, corresponding to a near infrared photon (1270
nm), emitted when 'O, islosing its excitiation energy, or to three times the energy released
in the hydrolysis of ATP to ADP. This energy can come from a variety of chemical or
photochemical reactions (in vivo and in vitro). The most common is the energy transfer to
oxygen from another molecule (a sensitizer), itself previously excited by light. As we used
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in 2P LSM alonger wavelength than for 1P CLSM photochemical reactions were reduced.
10, has an exceptionally long lifetime ~ 2 psec in water, (usually only 10° sec) having a
reach of 1-2 pm.(Speit and Dennog 2000) An isolated ‘O, molecule protected against de-

activating collisions lasts 45 min, because the transition to the triplet ground state is spin-

forbidden. In contrast to 0,, singlet oxygen reacts fast and selectively with high electron
density sites in many unsaturated organic compounds via spin-allowed processes resulting
in various labile peroxides (hydroperoxides and endoperoxides). These can react further,
often yielding free radicals. These radicals, e.g. hydroxyl radicals are producing then oxi-
dative damage rather than 'O, itself. 'OH abstracts hydrogen atoms from many substrates
and initiates autooxidation chains.

Other sources of 'O, are the reaction of peroxynitrite anion, ONOO", with H,O, (reaction
10) as well as, quantitatively, in the acidification of alkaline solutions of peroxynitrite (re-
action 11), both shown by spectroscopic results . ONOO' is formed at diffusion-limited rate
in the reaction of superoxide with nitric oxide (reaction 8). Peroxynitrite might be the
(cyto)toxic responsible for some effects that neither NO nor O, alone can produce. Acti-

vated macrophages, for example, generate high concentrations of both NO and O,

ONOQ is fairly stable under physiological conditions, has a long lifetime and diffusion
radius, is a strong oxidant of lipids. Its very weak O-O bond (only half as strong as the d-

ready weak O-O bond in hydrogen peroxide breaks up easily (reaction 9) to give 'NO, and

an intermediate with “OH reactivity.

Furthermore the bacteriocidal system of neutrophils forms *O, (reaction 13) via the hypo-

chloriteion, OCI’, which is generated e.g. by the enzyme myeloperoxidasefrom Cl™ and the
cosubstrate H,O,. OCI" is a strong oxidant that directly peroxidises and/or chlorinates
many biologica molecules. Even simple acidification of OCI generates singlet oxygen
(reaction 14)

The first reduction product of stepwise addition of an electron indicated in the scheme of
chapter 1 (reaction 2) isO,. It isabase in equilibrium with its conjugate acid HO, . When
%0,, the ultimate electron acceptor in enzymatic systems, acquires an extra electron in an
exothermic process, for example from semiquinones (intermediates in the reduction of

ubiquinone), or from flavins or in xanthine/xanthine oxidase system, the resulting super-

oxide anion, O, isafreeradical and thus also a paramagnetic species. The reaction has a
low mid point potential, thus the electron donor to the oxygen molecule must also have a

low-oxidation-reduction potential, if superoxide is to be formed with good kinetics.
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FIG 13 _1 The main reactions creating , consuming and interconverting ROSs. The numbered processes are

further described in the text. Sens*, sensitizer (Khan and Wilson 1995)

Superoxide is not an oxidant at neutral pH

, Its pK is near 4.9, thusiit is largely charged at

pH 7.0 and unreactive towards most organic molecules. Two O, molecules undergo dis-
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mutation (reaction 4) in water to produce two species: one is either °0, or 'O,, the other a
double reduced species, hydrogen peroxide H,O, either spontaneously or catalysed by in
tracellular enzyme superoxide dismutase (SOD). Spontaneous the rate of dismutation is
maximal at pH 4.8( k = 8 x 10’ M™s™) and it is still fast, although two orders of magnitude
dower, at physiological pH; catalysed in the wide range of pH 5.3 — 9.5, therateisk = 1.6
x 10° M"*s™. This keeps the concentration of superoxide extremely low. Superoxide is
highly solvated in water and not expected to be transported through membranes or to
penetrate into hydrophobic regions of cells and peroxidize lipids. However, it is a moder-
ately efficient one-electron reductant, for example of transition-metal complexes, used in
analytical methods to identify superoxide, such as the cytochrome ¢ method, reducing Fe'"
to Fe". (reaction 3) This formation of Fe" used to be regarded as the critical step in path-
ways responsible for the toxicity of O, as F€' is necessary in the Fenton reaction (reaction
7), when H,0 is iron-dependent non-enzymatically converted in hydroxyl radicals OH’
and hydroyxl ions OH", (see chapter 1) but reductants such as glutathione are more likely
to reduce Fe'"" within the cell.

O, isaweak base, and owing to its unreactivity also of superoxide anion radical O, ', it
should be able to diffuse along way from its site of production. In biological milieu super-
oxide has an estimated half-life of 400-10° ns and a diffusion pathway of 55 nm -3 pm.
(Burdon 1995) But at low pH (pks=4.8), it becomes reactive by its protonation that gives
the hydroperoxy radical (HO, ), which becomes the dominant species. (reaction 5) HO, is
still not a very reactive radical, athough being a better oxidant than superoxide. Both -
gether disproportionate to give the basic form of hydrogen peroxide HO,and molecular
oxygen. (reaction 6) At neutral or acidic pH, hydrogen peroxide exists almost entirely in
the fully protonated form, H,O, (pK around 11.0) In contrast to O, and HO,', hydrogen
peroxide is a good oxidant (although not directly), a well established germicide, cytotoxic
viaavariety of mechanisms. It is a the substrate of heme and glutathione peroxidases gen-
erating a host of free radicals and excited state molecules, and of catalases most abundant
in peroxisomes reducing it extremely quickly to H,O and O,. In peroxisomes there are a
variety of oxidases which catalyse the two-electron reduction of oxygen generating H,O,.
The decomposition of H,0O, takes place in the cytosol and mitochondria, it can aso be non-
enzymatically converted in the presence of Fe2" in a Fenton reaction, a one-€lectron proc-

€ss.
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Activated neutrophils and macrophages produce significant amounts of singlet oxygen and
several other reactions of superoxide, such as the one of the steps of the Haber-Weiss cy-
cle, (reaction 12) i.e. the reduction of H,O, by superoxide radicals and Fe(ll) or Cu(l) to
singlet oxygen or oxygen, ‘OH, and OH", proven by spectroscopy to be sources of 'O,
Speit and Dennog pretend that the Haber-Welss reaction does not take place in biological
systems because of higher reaction speed of the dismutation reaction by Superoxide Dis-
mutase (see above). Khan and Wilson are of the opinion that it is hard to evaluate how sig-
nificant this process is in physiological conditions, especially since both water and super-
oxide are excellent quenchers of 10, and the reaction is Sow. But, the chemical effects of
singlet oxygen and of hydroxyl radicals will be amplified downstream by secondary free
radical reactions. (see above) Thus, even if only asmall amount of 'O, survives quenching,
it may still have asignificant effect.

Fridovich calls the process in which the superoxide anion radical, ‘O,, increases “free”
iron by oxidizing the [4Fe-4S] center of dehydrases such as dihydroxy acid dehydrase, 6-
phosphogluconate dehydrase, 6-phosphogluconate dehydrase, fumarases A and B, and
aconitase the in vivo Haber-Weiss reaction. The released iron is kept reduced by cellular
reductants, and the Fe(ll) reacts with HO,, as in the Fenton reaction, to yield Fe(lll) +
"OH or itsformal equivalent, Fe(11)0 (see above). (Fridovich 1997)

Beside the Haber-Weiss reaction which probably proceeds poorly at physiological pH, the
Fenton reaction is the only reaction which needs iron. The detection that iron is indispen
sable for the generation of hydroxyl radicals should be enough to assume that a Fenton
reaction is involved. Colocalisation with another fluorescent indicator which detect the
presence of Fe2* / Fe** would be a smart solution. The fluorescence intensity should be-
come brighter in the presence of a specific iron ion state, as the deconvolution process
seeks for maximal fluorescence dye concentration. The fluorescence of available iron de-

tectors like Phen Green is, however, quenched in the presence of iron ions.
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13.3 Advantages of TPE CLSM for ROS detection

Both methods illustrate in principle the same results, but TPE showed several advantages
in comparison to one photon excitation. The cell nucleus stained with DAPI could only be
visualised by TPE aswe only use 488 nm and 543 nm laser light in one photon excitation.
Applying TPE CLSM the time frame for observation was longer, because the used laser
light of 798 nm isless energetic, and is not inducing reactive oxygen species generation via
photoreduction of flavins and/or flavin-containing oxidases within peroxisomes and mito-
chondria (and probably cytoplasmatic sites as well) as does violett-blue light of 400 nm to
490 nm. This photoreduction results in H,O, production as the cell organelle endeavours to
keep a homeostasis between reduced and oxidised flavins and/or flavin-containing oxi-
dases, subsequently the reduced flavin will be reoxidised by reducing O, to H,O,. (Hock-
berger et a. 1999) Further endogenous peroxidase and oxidase enzymes convert H,O, to
water coupled with oxidation of 2,7’ -Dichlorodihydrofluorescein or Dihydrorhodamine
123. Catalase competitively inhibits oxidation of DCF or DHR by directly metabolising
H,0,to H,Oand O,.When production of H,O,exceeds its catabolism within the organelles,
it diffuses into cytoplasm, where it stimulates additional dye reduction by cytoplasmatic
enzymes or non-enzymatically.

The increase of fluorescence was high when observing the cells by one photon excitation
in comparison to TPE, where light-induced H,O, production and therefore a quick increase
of fluorescence was prevented. The dye-loaded cells both with H,DCF or DHR responded
when irradiated with blue light with an uniform increase in fluorescence that obscured sub-
cellular structures.

At the same time the fluorescence invariably declines, although the conversion of either
H,DCF or DHR is not thought to be a reversible process, and the signal remains declined
even when irradiation is halted. This phenomenon is therefore due to photobleaching of the
fluorophore rather than decreased production of H,O,, and will not be noticed using TPE
microscopy.

As well as phototoxic effects which are known specifically for violet (400-450 nm) and
blue (450-490 nm) light, that cause mutations and even death of cultured mammalian cells
at irradiation doses of 2 Jcm?, which is equivalent to 5-10 min of direct sunlight, (Hock-
berger et a. 1999), do not appear under TPE microscopy, because the total excitation vol-
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ume when using TPE isrelatively small and fixed.(about 1 umg). Thus differences in fluo-
rescence signals because of differencesin cell thickness are minimised.
Because of these intrinsic confocal properties and because background levels of fluores-
cence (perhaps aso due to autooxidation of the dye in blue light) are less, the signal to
noise ratio is highly improved for TPE. This can be seen as a tendency in Table 10 2 and
10 3. The background level in TPE was lower than for OPE for the imaged cells, which
were recorded acquisited under the same surrounding conditions.
Summarised TPE LSM has following advantages in comparison to one photon excitation
CLSM:
The inherent potential for 3-D-imaging, i.e. the rejection of out-of-focus signals with-
out spatial filtering (because of quadratic dependence on the excitation intensity for
two-photon absorption excitation occurs highly localised)
High contrast and improved signal to noise ratio, because of suppression of ‘out-of-
focus fluorescence, no background fluorescence due to excitation of medium, immer-
sion oil, contaminretion or optics
No bulk fluorescence
All fluorescence from focus point is collected by the detector
Reduced photobleaching and photodamage / photostress as a confinement of excitation
to the focus only
Reduced biological damage, therefore more favourable conditions for the observation
of live biological specimen for extended periods of time
Reduced Scattering of excitation light due to red and NIR (near infrared) wavelengths,

because of the spectral window of biological specimen, the signal to noise ratio is bet-
ter
Higher penetration depth of NIR radiation due to the inverse fourth power dependence
on wavelength of the probability for elastic scattering and because more laser light is
arriving at the focal region as it is not absorbed beforehand, therefore deeper optical
sectioning of biological specimen is possible up to ~ 300 uminstead of ~100 pum
Improved axia resolution because of nonlinear processes involved. In two-photon pro-
cesses, the excitation cross section is proportional to the square of the laser intensity.
The cross section for two-photon fluorescence is inversely proportiona to the fourth
power of the distance from the focal point of the laser beam. In one-photon, the inten-
sity of the (Gaussian) beam decreases only (roughly) as the square of the distance from
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the peak. Use of three-photon excitation can enhance the z-axis resolution even more
because of smaller cross section and greater non linearity of 3-photon transition.
Because of different selection rules the technique may also probe additional sensitivi-
ties of the fluorescent probe to its environment, providing new contrast parameters and
additional information about the microenvironment of the fluorescent probe Braken-
hoff, Muller, Ghauharali 1996)

Excitation of UV-Dyes without need of UV-optics therefore ssmplified optics can be
used for UV transitions (Jenei et al. 1999, Konig et al. 1996)

Excitation of UV - autofluorescence (thyrosine, serotonin, NADH)

In opposite to high frequent light the less energetic long wave electromagnetic radia-
tion in the NIR region scarcely has negative influence on the cell activity

Inherent potential for lifetime imaging due to short excitation pulses and high repetition
rates

Even multiple scattered fluorescence photons contribute, equally to the image forme-
tion because of used widefield detection, in contrast with confocal microscopy, where

unscattered photons form the confocal image

13.3.1 Drawbacksof TPE L SM

The possible drawbacks of MPE are:

Surface resolution (x-y) with TPLSM will be dlightly worse than with OPE LSCM us-
ing the same fluorophore, because the excitation wavelength is (roughly) twice as long
and no pinhole is used, which broadens the point spread functions. (The latter could be
circumvented with the use of a pinhole, but was not possible due to low signal to noise
ratio, when applied)

Thermal heating due to high peak power

The fluorescence generation is less efficient for TPE than for OPE, because of different
selection rules. The total exposure required for equivalent fluorescence generation by

single-photon absorption (SPA) is a least an order of magnitude lower than by two-
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photon absorption (TPA), therefore biological damage can even worse (Brakenhoff,
Muller, Ghauharali 1996)

Danger of dielectric breakthrough only at very high peak powers as, for instance, in 3-
photon excitation

Demanding technology: In case of tunable Ti:S lasers a laser engineer or physicist is
recommended

Higher precautions for laser safety due to high peak power and invisible NIR.

And it isvery expensive(150 —250 kDM)

13.4 Factorswhich may lead to misinterpretation of results

The interpretation of measurements may be contaminated because of nuclear accumulation
of DCF by long term use and because both dyes function as ROS scavenger, mimicking
hypoxia inducible gene expression of erythropoetin gene and perhaps of the multi-drug
resistent mdr1b gene, upregulated accumulating RH under hypoxia. We are drawing this
conclusion as the multi-drug restistence transporter (MDR)/transporter associated with
antigen processing (TAP) transporter subfamily, member of the ATP-binding cas-
sette(ABC) protein superfamily, has several members including the mdr-proteins (also
termed P-glycoproteins, P-gp) and the bile salt-export-pump, bsep, which are situated in
the hepatocyte apical canicular membrane and hence can aso be found in human hepatoma
cells. Numerous lipophilic, often cationic, xenobiotics and endobiotics are transported by
the human MDRL1 and the rodent mdrla/mdrlb isoform into the bile in vivo. It is assumed
that they have a protective role in eliminating potential toxic xeno- and endobiotics. mdrl-
type P-glycoproteins are also expressed an the apical luminal surface of secretory cells in
the small intestine, the colon, and the proximal tubules of the kidney supporting this sug-
gestion of protection. In quiescent cell areas of large multicellular prostate tumour sphe-
roids increased levels of the 170 kDa P-glycoprotein were observed in paralel to central
hypoxia, lowered endogenous generation of ROS and an increased expression of the tran-
scription factor HIF1a. The highest overexpression of P-gp occurred under CoCl, and des-

ferrioxamine treatment which are known for mi micking hypoxia. (Wartenberg 2001)
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V  CONCLUSION

14. Conclusions and futuredirections

We could demonstrate that ROS are obvious produced in other compartments beside mito-
chondria in human hepatoma HepG2 cells. Future experiments have to focus on the sig-
nificance of the generated ROS for the oxygen sensing pathway.

Both dyes, Dihydrorhodamine 123/ Rhodamine 123 and 2', 7’ -Dichlorodihydrofluorescein/

2", 7 -Dichlorofluorescein, behave in asignificant different manner, and lead to irreversible
reactions, therefore perhaps new dyes have to be invented such as kinetic studies under

hypoxia could be performed in a superfusion chamber.
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