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I. INTRODUCTION

-

A. Previous Research

Since 1941 when Coons Eg_gi.l introduced the fluorescent antibody (FA)
technique as a means of microscopical analysis, fluorescence microscopy has
found widespread appli&ation. Although this date is credited with the first
use of fluorescent dyes as biological labels, it is by no means the date when
fluorescence microscopy originated. On the contrary, fluorescent techniques
had been employed as early as 1904 by August Kohler and in 1911 by Lehmann
with rather successful results, considering the infantile stage of development
of fluorescence microscopy. However, it has been only within the last decade
that, through significant technological achievements, fluorescence analysis has
progressed from essentially exclusive use as a research tool to applications
as a routlne diagnostic procedure.

Perhaps the single most important reason for the success of the original
fluorescent antibody method 1s the observable specificity. By using immune
serum globulin labeled with a fluorescent dye to locate the corresponding
antigen, direct cytological examination locates the trace dye, and hence the
desired antigen. Obviously, since fluorescent dyes are easily detected in
minute quantities under microscopical observation, this method generally is
preferred over the indirect histological techniques. However, it must be
noted that the technique of radiological tracing has progressed within the
last decade from a stage of rather indirect tracing to a highly specific
tracing technique, comparable in many cases to the advantages of fluorescence

tracing methods.



There are also other advantages to using fluorochromes as tracers.
Proteins, including serum antibodies, can be effectiveiy labeled, chemically,
with fluorochromes without any noticeable effect, biologically or
immunologically. Properly illuminated, these labeled proteins will fluoresce
with substantial intensity and distinguishability so that they may be detected
in much smaller coﬁcentrations more directly than non-fluorescent labeling
techniques allow.

Originally, the only fluorochrome with suitable labeling properties was

fluorescein isocyanate However, even though this particular dyestuff had
good labeling properties, the chemical techniques required for proper conju-
gation became overwhelming and it was not until 1958 when Riggs4 et al.
developed fluorescein isothiocyanate (FITC) that another important advantage
was gained. The dye FITC allowed conjugation of fluorochrome and protein to
be performed easily and efficiently. At present, the number of fluorochromes
developed and made commercilally available since the introduction of fluorescein
isocyanate is nearly inexhaustable. Obviously, the rather large number of
fluorochromes is mandatory since no ﬁne fluorochrome is suitable as a
universal label. To be both adequate and brief in a description of fluorochrome
is impossible and for this reason reference 1s made to texts by R. C. Nairns,
A. A. Thaer and M. SernetzG, and others7’8 for extensive descriptions of
various fluorochromes and their derivatives as well as the fluorescence, a
chemical and biological properties.

For direct conjugation of fluorochrome and protein the most widely used
dyes are as follows:

1) FITC

2) 1-Dimethylaminconaphthalene-5-sulphonic acid (DANSQ)

3) lissamine rhodamine B (RBZOOIO).



FITC and DANS both exhibit strong green fluorescence as distinct from the
bright orange fluorescence of RB200. These pafticular dyves are the most
éommonly used primarily because of thelr strong fluorescence, fluorescence-
background contrast and conjugation simplicity. Other fluorochromes are
chosen on these same general criterion for applicability. Nairn ciltes
Chadwick7 et al. and Pearsell with a 1list of criteria describing the
suitability of fluorochromes for labeling and, in general, nearly all
fluorochromes used exhibit these properties although ultimately the appli-
cation decides which criteria the fluorochromes must meet.

Although the reactive group in the protein determines which label is
appropriate, it must be pointed out that these fluorochromes enjoy various
different applications outside of direct protein conjugation. Foremost
among these is the intracellular analysislz’m’l4 by means of studying the
fluorescence characteristics of the absorbed fluorochrome. To mention
briefly now and to expound later on, the particular fluorescence properties
of significant importance are

1) polarization,

2) excited state decay laws,

3) emission spectra

a) steady-state and
b) time-resclved.

The addition of fluorochrome to the precision of microscopy has not only
facilitated the qualitative identificaﬁion of bacterilal, viral, protozoal,'
helminthic, fungal and animal tissue antigens as well as serum antibody -

characterigtics since the technique was first Introduced, but has in recent

years proved to be an invaluable and extremely sensitive tool for quantificatic



Quantitative advances have been in the areas of dlagnostic syphilis serologyl5

and of fluorescence polarization characteristics of normal and malignant
mammalian lymphpcyte513, both of which employ steady state conditions with
respect to the fluorescence kinetics. The next level of technical achievement
was In the ability to extract the time dependency of fluorescent processes,
namely, time-resolved fluorescence spectroscopy In the nanosecond to subnano-
second domain.

Undoubtedly the most significant advances in quantitative fluorescence
analysis have had their origins in the recent electré—optical detection
system development516’17. Perhaps the technique enijoying the largest success,
and which will be used in this presentation, is the time-correlated single
photon counting method. The single largest reason for the use of this method
is that 1t provides a means of direct contact with, and analysis of, the
excited state while maintaining high sensitivity.

Adding to this, the introduction of the laser to fluorescence analysis
has amply demonstrated its ability to replace and surpass conventional

g
’™", such as the mercury-or zenon-arc lamp. The reasons

illumination sourcesl
for this are fairly obvious. Lasers are very monochromatic, stable and
directional light sources as opposed to the conventional sources which provide
a broad spectrum of unwanted emission. Consequently, arc sources must be
filtered strongly in order that only the radiation suitable for stimulating
fluorescence be transmitted to the sample. This results in very little
effective stimulation as compared with much higher power per band width
values found in lasers. Reported comparison_s18 have found increases in

fluorescence intensities up to one hundred times between laser and arc lamp-

induced fluorescence. Another difficulty associated with conventional light



gsources 1s that the primary emission lines seldom coincide with the absorption
maxima of the fluorochrome and one is often forced to-assume a further exci-
tation deficit. However, this problem is completely eliminated with the
advent of the tunable, pulsed dye laser. To date, dye lasers are available
which are capable of continual tuning from the far red to violet19 region of
the visible spectfum and frequency-doubling into the ultraviolet. This
ability has the clear advantage of excitation at any desired preferential
wavelength. Obviously, this is only a superficial description of the
applications and developments in fluorescence analysis and a much more
inclusive description is given by A. A. Thaer and M, Sernetz6 , which also
includes extensive references to the literature.

However, the majority of quantitative fluorescence analysis has been for
the most part limited to the study of solutions, suspensions and homogenates
rather than of individual cells at the microscopical level. This is
especially true of fluorescence lifetime and polarization characteristics
of the individual "fluorochromated" cells. Once this has been thoroughly
investigated and tested, fluorescence analysis standardization will have
reached a much higher level of development. It is thus the intent of this
thesis to demonstrate the feasibility and practicality of applying laser
and electro-optic technology directly to microscopical observation with
anticipation of a higher specificity of cellular behavior. In particular,

124131552024 of the polarization characteristics of

recent investigations
fluorescence emission due to intracellular fluorescein produced by cellular
enzymatic hydrolysis of fluorescein diacetate (FDA), a non-fluorescent

compound, in mammalian blood lymphocytes and yeast cells have based all

theoretical and interpreted results on the assumption that the fluorescence



lifetime of the excited state 1s constant with respect to environment. As

is well known, all polarization characteristics are directly related to
.lifetime behavior and any assumption as to this behavior, whether the
fluorochrome be in the free state or in vivo, must be well justified. For
this particular reason, the intent of this thesis is to develop the techniques

and investigate this assumption.

B. Models for Fluorescence in Biological Samples

Under nearly all circumstances, a practical working model of an actual
physical entity is a very involved and complex concept, if adequate descrip-
tive detail is sought. Quite often it 1is impossible to depict the actual
model and one must be content to extract the physically important
characteristics and properties from a not-too-over-simplified model. Although
molecular fluorescence spectra is such an entity, the nature of these processes
and their association with biochemical reactions at the intracellular level
is essentially an entirely different, and undetermined, entity.

A great deal of theoretical and empirical knowledge has been formulated
for fluorescence decay spectra, transition rates and lifetimes of molecular
systems. But as far as the processes involved with intracellular fluorescence
kinetics 1s concerned, little qualitative understanding and even less
quantitative understanding is to be found. This is true because of the
complexity of the cellular structure and behavior, both of which are funda-
mentally unknown. ‘

Being that the fundamental process dealt with 1s fluorescence emission

and understanding that the nature of this investigation is experimental rather



than theoretical, a brief description as to the origins of fluorescence
emission follows. Thereafter, will follow a model descripticn assumed to

be adequate and. fully consistent with experimental aspects of sample pre-
paration and behavior., Detailed within this descriptive model will be

other possible variations on the intermediate reaction kinetilecs that are
likewise consistent with experiment and, where necessary, attention will

be drawn to the consistency. For more detalled description, reference is
made to LaMolla20 and Steinfeld21 for a rather in-depth treatise on molecular
spectra.

1. Fluorescence Spectra: A Simple Model

According to Plate I, it is seen that the fluorescein chromophore is a
complicated structure of aromatic benzene rings, carboxyl and hydroxide
groups. In order to interpret the fluorescence emission spectrum of
fluorescein in terms of potential energy curves would require a multi-dimen-

sional coordinate system with m x n dimensions where

m= 2,3,4, ... number .of interacting atoms, and

n=12,3 ... m1,

Thus, it is impossible to graphically illustrate the potential inter-
actions simultaneously of such a complicated molecule as fluorescein. However,
it is very fortunate indeed that nearly all of the salient spectroscopic
features of fluorescence can be understood in terms of the simple diatomic
molecule which requires only two generalized coordinates: (1) the inter-
nuclear separation and (2) the potential interaction between the two nuclei.
Plate IT illustrates the potential energy cufves as a function of internuclear
distance which is appropriate for the diatomic molecule.

Because electronic transitions take place on a time scale much faster

than molecular vibrations, the Franck-Condon principle states that absorption
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proceases invariably occur with no change in the internuclear separation

and within a period of approximately ].D"15 seconds. Implicit in this
principle is the effect due to the nuclear mass, which are much more

massive in comparison with the electrons inveolved in the transitions.

This means, graphically, that the transition may be represented by a

vertical line from the ground state to the first excited state, as

represented in Plate II. To make note, absorption transitions are possible
not only to the first excited states but also to the higher excited electronic
states which are not shown in Plate II for reasons of clarity. To each of
these states is associated a continuum of vibrational-rotational energy

levels to which absorption transitions may oeccur. In all molecules the energy
gained through photon absorption is quickly lost (10_12 seconds), either
totally or substantially in part, through the vibrational modes of the
molecule and in molecular collisions. Such processes are definitely non-
radiative and are manifested in processes termed internal conversion and
intersystem crossing. However, should the molecule be sufficiently stable,
i.e., rigid, against vibrational decay, énergy may be lost through a transi-
tion other than vibrational-rotational modes. Plate II depicts the transition
to an upper vibrational level of the first excited state. As mentioned, the
molecule will then immediately lose a certain quanta of vibrational energy
within approximately 10—12 seconds and decay to the lowest vibrational level
of the first excited state, Provided that this particular state is stable
against decay on the order of 10”9 seconds, a radiative transition to the
ground electronic state may result. By definition this transition is termed
fluorescence. Obviously, since the fluorescence emitted 1s strictly dependent

upon the physical structure and composition of a molecule and that this is in

12



turn determined by the molecule-environment interaction, 1t is seen that the
fluorescence emission provides a sensitive direct probe and correlation with
the various possible molecular interactions. This is especilally true of
biological and biochemical processes, due to the fact that the fluorescent
molecule-media interaction is a very dynamic phenomena.

Having illustrated the causes and necessary conditions for fluoreséence
to occur as well as its qualifications as a sensitive "detector", we are led
to the stage where an actual physical model must be put forth, examined,
verified and re-examined for observable consistency.

2, Experimental Plausibility - A Realistic Approach

Before proceeding with the construction of a satisfactory model, consider
the known experimental results that serve as a building block. Initially,
start with two specially prepared sample solutions whose preparation and
exact consistency are to be described in full detail later. One solution
contains only a known amount of yeast cells and the other solution containing
a fluorogenic substrate known as fluorescein diacetate (FDA) of known molarity.
Refer to Plate I for a structure comparison between the pure fluorescein
molecule and one of its non-fluorescent derivatives. Under given conditions
each solution will exhibit no fluorescence characteristic of fiuorescein or

its compounds which do fluoresce. Assuming that all experimental conditions

necessary for a succéssful reaction have been met, allow the two solutions
to mix thoroughly. In the most general terms the results that follow are
simply an occurrence of fluorescence emission characteristic of the
fluorescein radiation absorption-emission process. This phenomena has been
aptly phrased by Rotman and Papermaster22 as "fluorochromasia". Attention

must be paid to the fact that fluorochromasia is not limited to various
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species of yeast but can also be found to occur in various types of
mammalian cells including human bleood lymphocytes. This occurrence has
been reported 1in the literature13’22 and likewlise has been observed in

the course of this research in several yeast strains and human blood
lymphocytes, both normal and cancercus. The production of this fluorescent
compound increases with time until the reaction reaches such a stage in
development that the observed fluorescence intensity remains constant for
the mixed solution. Qualitatively, this is the essence of the observed
results.

So far no mention has been made as to the sources of the fluorescence
or its causes, production and reaction kinetics. The point has been reached
where some type of plausible biochemical reaction cycle must be formulated.
To examine the situation in more detaill, the reaction kinetics must be
considered on the cellular level., Plate III exhibits possibly the simplest
steady state condition of the two mixed solutions that is compatible with

sample preparation observations made both by myself and othersla’zg.

Allowing
the two solutlons to mix, we see an individual cell initiate the process by
taking up FDA at a given rate specified by ka. This rate constant need not
be constant at all times and indeed it may depend upon such factors as
temperature, FDA substrate, cell concentrations, and other effects such‘as
centrifugation23 that may serve to alter the apparent "structuredness” of

the cell. Upon the uptake of FDA the cell begins forming a fluorescent
compound assumed to be fluorescein and this process is believed to be some
form of enzymatic hydrolysis which liberates the fluorescein from the

14
attached acetate groups at rate kH' In most Iinstances this rate

constant ylelds an cbserved linear rate of Increase in fluorescence intensity

14
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during the initial part of the cycle. Following the intracellular production,
the rate constant decreases until the observed fluoreécence intensity remains
constant with time. All experimentslz’ZA indicate that the cause for this
steady-state transition appears to be the leakage of liberated fluorescein
through the cell‘membrane and into the remaining solution contributing to
the non-specific background fluorescence. The stage of actual steady state
condition is reached when the rate constant of fluorescein leakage is ba-
lanced by the rates of uptake and hydrolysis causing the formation of
fluorescein.

Although this simple model appears qualitatively compatible with ex-
periment, which is quite sufficient a requirement, it must be emphasized
that the steps intermediate between FDA substrate uptake and fluorescein
diffusional leakage are entirely open to modification. For example, re-
combination effects such as the reformation of FDA and the uptake‘of fluorescein
in the free state and their respective rate constants have been tacitly
neglected. Likewise, an entirely equivalent model may involve the trans-
formation of the FDA substrate directly into a fluorescent derlvative of
fluorescein or possibly the weak binding of the free fluorescein molecule
to some intracellular substrate. After some period the fluoreécein is
liberated through some, as yet unknown, process and immediately diffuses
through the cell memﬁrane to contribute to non-specific fluorescence.

It is now evident that some type of effort must be made to probe
the internal structure of the cell. Previous experimenters have chosen
various means by which the probe could be made. Foremost among these means
ig the measurement of the fluorescence polarization characteristics at

various stages of the cell - FDA interactlon. For purposes of simplicity,
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assume that the cell has previously taken up a sufficlent quantity of FDA
and has initiated the hydrolysis process and formation of some form of
fluorescent fluorescein compound. WNow allow linearly polarized radiation,
suitable for adequate absorption by the fluorescent compound, to be incident
on the cell. In general, the rotational motions of the cell itself are
much slower than the assumed individual molecular rotations within the cell
and will be neglected for this reason. Should the radiatlon-absorbing
molecule be restricted from all rotational freedom initially, we would observe
fluorescence emission that is strongly polarizgd with emission vector aligned
with the absorption transition moment vector for the usual classical descrip-
tion of polarization. Proceeding to the other extreme of complete rotational
freedom the observed emission would display very little, if any, polarization.
The classical treatment of polarization absorption and emission gives a trivial
explanation. This being that in the case of the former, the transition moments
of absorption and emission must maintain the same relative oriemtation. 1In
the latter case, the molecule performs rotations, specified by the inter-
action with the media such as solvent-solute polar reactions and Brownian
motion, subsequent té absorption. Therefore, the emission vector has equal,
or near equal, probability of any one of the orientations within 4# steradians.
The randomness with which the rotations occur is a direct consequence of the
media interactions mentioned earlier and herein lies a technique for ob-
serving possible intracellular transformations, reactions and motions.

In more realistic terms the fluorescence emission of a solution will
show polarization effects to some degfee. This result 1is attributable to
the preferential molecular orientations required for efficient excitation~-
absorption. Absorption is not the "all-or-nothing" model presented earlier.

Rather, elementary thcory shows us that the degree of excitation varles as

18



coszo, where 0 represents the angle between the molecular transition moment
vector and the excitation electric vector, assuming linearly polarized exci-
tation. This angular correlation shows that maximum excitation occurs for
perfect alignment between the two vectors. Adding to this the fact that no
molecule in solution displays perfect rotational freedom, the degree of
polarization is seen to be dependent upon the degree with which the excitation
vector-transition moment vector orilentation is preserved. However, Francis
Perrin showed in 1926 that there are only two other parameters which influence
the emission polarization and that all three quantities are related by the

equation

o [1=
1
W=
(e

T“ﬁ?l" )ﬁl'l'ﬁRT ¥ Eq. 1
o

where

P = the limiting polarization defined as the maximum polarization
resulting from no disorientation following excitationm,

R = the rate of molecular rotation and

T = the characteristic lifetime of the molecular excited
state.

A great deal of effort has been expended in order to explain the
observed values of P in terms of mathematically derived values of R,

25’26. Likewise, since this rotational

assuming various molecular shapes
parameter is a function of temperature and viscosity, experimenters have
endeavored to correlate polarization directly with these parameters

intrinsic to the internal cellular structure, assuming that the excited state

lifetime 1s a non-varying quantity. Generally speaking, nearly all solutions
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exhibit disorientation motions within a few nanoseconds. For fluorescent
compounds this effect is present on the same time scaie as the excited
state lifetime and we now see another technique for observing intracellular
behavior but on a real time basis rather than by measuring time-averaged
quantities,

Since the internal structure and mechanisms of the cell are still ﬁery
much open to question, rather than theorizing as to this nature and trying
to predict any lifetime variations, it i1s entirely legitimate to leave the
intracellular nature unrestricted. Therefore, all experimental results will
be assumed to be significant and in direct relation with the cellular bio-
dynamics and hopefully will corroborate previous experimental results and

conclusions.
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II. EXPERIMENT

A. Experimental Methodology

So as to provide a more clear picture of the basic technique used for
the experimental determination of decay lifetimes all pertinent details and
descriptions of apparatus and related topics will be discussed in subsequent
sections. Therefore, only a general technique description will be presented
at this time in order to familiarize the reader.

| Fundamentally, the basic technique of lifetime measurements was performed
using a routine photon counting electronics system as described in the litera-
ture16’27. The basic electronic instrumentation is illustrated in Plate IV.
However, the particular illumination/detection system used for this investi-
gation employs a means for selectlve wavelength excitation and for performing
measurements on a given cell under microscopical observation. Plate V re-
presents the general experimental system with the laser radiation providing
the elimination of generally used broadband flashlamps and the microscope
providing for the elimination of the solution cuvette-spectrophotometer
generally used for measurements on a macroscopic basis,

Due to the particular optical cavity structure of the pulsed dye laser
there 1s a considerable amount of beam divergence. Thus, a beam control
system must be used to provide beam collimation. A simple system is shown
in Plate VI representing the optical arrangement. Immediately after
collimation the beam could be directed for either transmitted or incident
gample illumination, the latter of which proved to be unsuitable as will be

explained in section B. As usual, the transmitted laser light and resultant

21



fluorescence are hoth collected by the microscope objective and thus must
be separated by an appropriate filter system. Interference filters were
used to eliminase all exciting laser light for visual observation. A
monochromator was used in addition for quantitative measurements. As shown
in Plate V the microscope was equipped with a trinocular head providing for
convenient visual/electronic mode detection operation.

Plate IV shows that the heart of the technique for direct lifetime
measurements is the time-to-pulse height-converter (TAC) whose function is
to measure stop pulses timed to corresponding start ﬁulses. Upon receiving
a suitable start pulse from the photodiode laser-pulse monitor the TAC is
enabled to generate a voltage ramp increasing linearly with time until a
suitable stop pulse from the photomultiplier detecting the fluorescence
photons is received. Upon completion of this cycle the voltage amplitude
generated is strobed out to a pulse height multichannel analyzer (PHMCA).
Owing to the linear build-up of the voltage with time we see that a real
time emission spectrum is cbtained in which the time variable is simply
proportional to the individually recorded voltage pulses. However, the
most important experimental condition is that the rate of detection of
fluorescence photons must be no larger than 50% of the rate of production,
i.e., on the average, no more than 1/2 a fluorescence photon be counted
for each laser pulse. This calls for extremely low fluorescence and
excitation intensities to be used and ensures that pulse "pile-up" distor-
tion will not occur. This phenomena arises from the fact that a given
excited molecule will spontaneously emit a photon on a completely random
basis. Considering an ensemble of excited molecules the random emissions

will now be dependent upon the number of excited molecules remalning.
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Ideally this leads to the familiar exponential decay law. As a consequence,
more photons are emitted at short times than longer times. The TAC
operation is characterized by the disability to detect stop pulses after
the first one received and the system remains disabled until reset. It is
seen that the TAC.will be responsive only to the short-lived photons.
Therefore, should the emission intensity be such that the quickly emitted
photons are always detected, the TAC will never "see" the longer-~lived
photons and the data will consequently be distorted in favor of shorter
lifetimes. In the event of pulse pile-up distortion, methods have been
developed to statistically correct the resulting datazs.

The primary disadvantage of the single-correlated photon counting
technique is the long counting times necessary to accumulate sufficient
data to minimize statistical fluctuations. This drawback is particularly
manifest in the usage of biological samples whose physical state 1s quite
dynamic. Therefore, the highest practical pulse repetition rate should be
used in order to minimize data collection time. Many commonly used flash-
lamps are capable of several kilohertz repetition rates, a very desirable
feature. Unfortunately, the highest stable repetition rate of the pulsed
laser used in this experiment was a mere 30 Bertz, implying that data could
be collected no faster than 15 counts per second.

In order to impfove the instrumentation, timing filter amplifiers
(T.F.A.) and level-crossing fast discriminators were used in each of the
start-stop channels of the TAC. The purpose of the amplifiers was primarily
to ensure good pulse shape and to maximize the signal-to-noise ratio. Good
pulse shaping of both the photodiode and photomultiplier pulses provided a

region of the initial rise which was relatively free from timing jitter

despite variable pulse amplitudes. This feature enables accurate discriminator
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triggering, resulting in optimum TAC measurements. Although the photodiode

was capable of subnanosecond response and sufficient pulse amplitude, the signal
was shaped in order to minimize ringing and to provide a pulse with the fastest
rise time. The discriminators were used in order to filter out extraneous
pulses which would possibly trigper the TAC falsely and also to provide a
sultably fast logic pulse for optimum TAC response. Both discriminators were
adjusted to yield approximately the best slgnal-to-noise ratio. In practice,
however, a slightly higher level was used to ensure the elimination of false
logic pulses. Varilations and improvements on this general technique are des-
cribed elsewhere in the 1iteraturel7’27.

Due to the finite width of the excitation pulse, in addition to the expec-
tation of short lifetimes on the order of the excitation pulse width, it is
mandatory to perform a deconvolution to remove any distortions to the assumed
decay function. Therefore, a decay spectrum of the total instrument function
must be performed under the same experimentai conditions as the fluorescence
spectra with the changes that the monochromator be reset to the laser line
position and a clear glass slidé used in place of the sample, Further discussion
of this topic will be concluded in Chapter III and Appendix II,

Data aquistion was performed by a pulse height multichannel analyzer
and each spectrum was stored in 256 channel segments in order to achieve.
both modest aguisition time and sufficient timing resolution. Upon completion
of a given spectrum the PHA storage was subsequently transferred to both
teletype printout and paper tape, the latter serving as computer analysis input.

To perform a suitable time-PH channel calibration, a knowmn amount of
delays were inserted into the stop input channel of the TAC after the same

pulse had originally been applied to both start and stop inputs. For a
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TABLE I

Parts description of Plate VI.
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4,6.

5,12,13,15,16,

17.

18,

Argon laser

Pulsed Nitrogen laser
Tunable pulsed dye laser
Pellin-Broca prism
Moveable-adjustment mirrors
Reflecting glass slide
Photodiode

Aperture-stop

Beam control lenses

Ploem vertical illuminator
Microscope

Sample
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TABLE II

Time -~ PHA channel calibration values

i3



Known Delay Channel Number

0.0 reference 10016
2.0 nsec 10019
34.0 nsec 10068
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glven time delay pulses were recorded in a glven channel. By incrementing
the delav by a known amount again the data pulses were collected in a
different channc'. the shift being a direct measure of the time delay in-
troduced and, thus, a direct calibration. Table II provides the known
delays and channel shifts obtained for calibration, Note that the channel
shifts cover the range of the measured spectra. Upon averaging the three
obtained conversion factors, a value of .657 nsec/channel is obtained.

All spectra were chtained with the pulsed dye laser tuned to 450 nm,
and emlssion monochromator set at 490 nm and 520 nm, for instrument
functions and fluorescence decay spectra, respectively. The wavelength of
520 nm was chosen for the fluorescence band pass due to the fluorescein
fluorescence maximum at that wavelength. Entrance gnd exit slit widths

were chosen corresponding to a band width of 2 nom.

B. Instrumental Considerations

This section 1s intended to serve as a supplement to the previous
section by more fully explaining the primary optical elements and their
applications to the experiment. However, no attempt is made to elaborate
on design or theory of operation and all necessary equipment specifications
and peripherzl accessories will be adequately documented in Appendix IIT.

1. Illumination Sourccs

Feferring to Plate VI it is seen that the primary source of Illumination
used for fluorcscence lifetime measurements is the continucusly tunable dye
laser. As a source of excitation the dye laser recelves its required enecrpy

input from a one-mepawatt, pulsed nitrogen gas molecular laser emltting iIn

)
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the ultraviolet at 337 nanometers. In addition to the monochromaticity,
the specifications of the pulsed laser system most vital teo the experi-
mental technique are its continuously variable repetition rate range of
0-30 pulses per second, with a full width at half maximum of not

greater than 10 nanoseconds. As it is not the intent of this thesils to
detall a description of lasers as a suitable source of fluorescence exci-
tationlB, it will suffice to mention that‘the particular dye laser used
is continuously tunable over the entire visible spectrum and into the
near ultraviolet. However, this large spectral raﬁge is obtainable only
by using many different dyes in interchangeablé dye-flow cells and then
by frequency doubling into the ultr:violet.

In order to achieve laser emission at the wavelength of maximum
absorption in fluorescein (490 om), the Coumarin 102 organic dye29 was
used, Although this particular dye does not allow the maximum rated laser
power of 250% kilowatts per pulse at 475 nm to be achieved, 1t was the
only dye appropriate for operation at 490 nm,

Due to the nature of orgaﬁic dves and their use as lasers, the laser
action must occur within the fluorescent band of the dye and thus, there
is considerable unwanted background in the laser beam. This problem was
eliminated by using a Pellin-Broca constant deviation prism to separate .
the fluorescence from the laser emission. Since the desired laser line
is shifted from the fluorescent peak by_lS nm, sufficient splitting was
obtained to allow adequate separation by using a suitable aperture following

the Pellin-Lroca prism.

aAcnording to the specificaticns, the dye laser was rated at 250 kilowatts
per pulse at 475 nm in Coumarin 102, However, the maximum obtainable peak
power wis not more than 200 kilowatts per pulse with 20 milliwatts continuous
power at 10 pulses per szecond. This, however, proved to be more than
adequate power for single photon counting.
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Supplementing the pulsed laser system is a continuous argon-ion laser
source, used primarily for optical alignment and occasionally substage
focusing of the sample. The emission of the argon laser is at 488.0 nm,
which provided adequate stimulation for absorption due to the 2 nm shift
from the fluorescein absorption maximum. As an alignment instrument, the
argon laser proved valuable in its abillity to produce strong fluorescence
in cells which would show little or no fluorescence under conventional
illumination. Thus, optical aligmment was achieved much more efficiently,
even under the most adverse conditions. However, due to the exceptionally
large continuous power density found in the argon laser beam, care had to
be exercised so that fluorescence fading was made minimal.

For convenilence, both continucus and pulsed laser systems were arranged
such that as soon as alignment was achieved, insertion of the deflecting
prism superimposed the pulsed beam for immediate measurements. Since the
argon laser is a fluorescent gas discharge, a Pellin-Broca prism was again
used to filter the argon beam although it was not mandatory.

In order that a purely qualitative comparison could be made between
illumination sources, the microscope was equipped with a 150-watt xenon
standard arc lamp, which is not shown in Plate VI, As compared teo the
argon laser, the xenon lamp proved far inferior because the power per unit
spectral width of exciting light from the argon laser (0.5 watts at 488.0
nm) is much greater than that of a xenon~arc lamp. However, the xenon
lamp proved useful in substapge sample viewing and more convenient than the
argon laser for immediate observation after viewing,

2 Sample Illumination Techniques

In order to illuminate a sample with maximum efficiency and still

measurce any desired quantities characteristic of the sample emission, two
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types of techniques have proven outstanding for direct fluorescence
observation. These are

a) transmitted 1llumination, and

b) incident illumination,

Detailed diagrams of each arrangement are shown in Plates VII and
VIII and each will be discussed according to the chronological order of
development as listed above.

According to Plate VII, the exclting radlation is collected by a lens
which then focuses the beam into a short focal_length (4 mm) diverging lens,.
At first this procedure may seem redundant to focus and subsequently de-
focus the beam. However, the reason for such a procedure 1s due to the
nature of the condenser used for substage sample 1llumiration, which will
be adequately covered later in this chapter. At this point it will be
assumed that sufficient exciting light has been collected in the condenser
and focussed onto the sample slide. It is from this point of the experiment
onward that determines the qua}ity of the image which directly affects the
signal-to-noise ratio.

Once illuminated, the sample will fluoresce and the characteristic
radiation will be emitted in all random directions. For this reason,
objective and condensers with the largest practical numerical aperture
were used in order to increase the light-gathering ability of the system.
In addition to the fluorescence collected by the objective a substantial
amount of the focussed exciting light will also be collected and this
light 1s of prime concern when trying fo extract the largest possible
signal-to-noise ratie. So that the collected exciting radiation may be

efficiently removed from the signal, use is made of the great advances in
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PLATE VIII

Incident Illumination Schematic

Laser Light ( )
Xenon Lamp (emrmimimem NEE— )
Fluorescence (= = = = = = = = = )
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TABLE III

Parts description of Plates VII and VIII.
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10.

11.

13.

14,

Photo multiplier

Monochromator

Collecting lens

Field;limiting aperture

Prism

Moveable adjustment mirrors
Ocular

Barrier filter/dichroic mirror
Objective

Sample

Dry darkfield condens:r/Brightfield condenser
Diverging lens

Focusing lens

¥enon Lamp
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PLATE XII

Ploem Illuminator Construction Schematic.
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the area of iInterference band-pass filters. The present state~ol-the art in
interference-thin film filters is in the desipn of fiiters with extremely
sharp cut-off frequencies, narrow-band-pass and wide-band-pass characteristics
over the entire visible spectrum and into the ultraviolet. At this point,
it suffices to say that adequate filter designs are available for virtually
all fluorescence analysis work. Plates IX and X depict the spectral
characteristics of the filters used in this experiment. Owing to the

sharp cut-off of the barrier filters used, the laser light 1s essentially
removed from the fluorescence signal, despite the close proximity of the
absorption and emission peaks of fluorescein situated at 490 and 520 nm,
respectively. Plate XI shows plots of these peaks. The fluorescence can
now be detected either visually or electro~optically by sliding the
microscope-incorporated prism in and out of the optical path.

A more recent method of illumination employs vertical incident illumina-
tion as described by Ploem30 and plctured dilagrammatically in Plate XII. As
an entire unit the Pleem illuminator incorporates four complete sets of
barrier and exciter filters which allow for either ultraviolet, ultraviolet-
blue, blue, or green fluorescence excitation by merely rotating the
appropriate filters into place. In view of the fact that only fluorescein
fluorochrome is used, the Ploem illuminator reduces to a rather simple
piece of apparatus, as shown in Plate VIII. The heart of the vertical
illuminator is the use of dichroic mirrors which transmit a given range of
wavelengths and reflect others. Making use of this fact, the dichroilc mirror
reflects the exciting light through the objective, which focusses the light
onto the sample. The advantapc of this technique lies In the fact that

both the imape and illuminatlon are brought into simultanecous focus by the



objective, thus eliminating the neced for a separate substage condenser.
As with the transmitted illumination technique, the fluoréscence signal
is collected by “he objective and filtered by the dichroic mirror and then
transmitted to elther the ocular or monochromator.

Both fllumination techniques were used in preliminary experimentation.
The transmitted illumination technique proved far superior to the Ploem
Illuminator and therefore was used exclusively for the data to be presented.
The difficulties with the Ploem Illuminator are all due to the use of
lasers, KauffmanlB and workers reported that the dichroic mirrors auto-
fluoresced strongly under 488.0 nm laser radlation and stated that suitable
filters must be substituted. The other main difficulty arilses from the beam
collimation. Visual observation revealed that only the central portion of
the field of view was illuminated - a problem not assoclated with conventional
light sources. A solutlon to this problem requires some means of reducing
beam collimation just prior to entry of the illuminator, possibly by a system
of lenses. At this time no endeavor has been designed which will relieve
the problem.

3 Condensers

It was pointed out in the previous section that there was a need for
maximizing the amount of exciting radiation to be incident onto the sample.
The limitation on fluorescence signal is ultimately the power density
provided by the condemser since the objective has a fixed field of view.
Obvicusly this is the quantity to be maximized in order to compensate for
weakly fluorescent samples or signal losses in the microscope throughout.

For transmitted substage illumination this was provided by condensers of
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two types:

a) bright ficld and

b) dark field,
both of which were used for preliminary experimentation. However, the dark
field condenser sgrved the purpose quite well and therefore was used ex-
clusively for the actual lifetime measurements. Each has its own advantéges
and disadvantages when compared to the other and only ﬁhe given experimental
conditions will govern which is more appropriate.

Plate XIIT shows the features common to all dark field condensers and
the particular type used in this work was a Leitz dry dark field condenser
of numerical aperture 0.80-0.95. Obviously, in order to preserve the dark
field characteristics, objectives with numerical aperture greater than 0.90
were not used due to the large angle subtended from the focal point to the
objective,

The dark field condenser eliminates the central portion of the incident
beam and focus the periphery onto the sample by a reflecting system, as
shown 1in the FPlate XIII cross—sectional view. It is because of this optical
technique that the diverging lens in substage illumination becomes mandatory
when employing laser radiation. With standard sources such as mercury or
xenon lamps the emission is collected and collimated into a broad beam, of
approximately uniformrpower profile, sufficient to 1lluminate the total
condenser acceptance area. Under normal conditions the aperture stop of the
dark field condenser is of sufficient diameter to completely block the nearly
collimated laser beam. Therefore a divergent lens must be used to enlarge
the beam to illuminate adequately the aperture periphery. Obviously, dark
field condensers should not be used when working at exceedingly low illu-

mination levels or with ezceedingly low fluorescence ylelds if at all possible.
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Otherwise, a means of controlled beam expansion becomes ncecessary in order
to maxinmize the laser power deposited in the aperture periphery.

Another difficulty encountered with the use of the dark field condenser
arises when the means of focus is considered. Since only the periphery
of the beam is focussed, the emerging light is contained within a cone with
the vertex at the focal point. However, the cone of light 1s hollow and
should the sample be positioned below or above the focal poilnt, the
illuminated area will be a circular cross-section of the cone with only the
perimeter illuminated. Thus, any attempt to de-focus, whether unintentional
or for the purpose of decreasing the power density, will result in a sub-
stantial loss of illuminaticn in the field of view., TFocusing of the beam in
this manner also leads to serlous problems when using coherent radiation
SOUrCEs. Specifically, the dark field condenser blocks the central portion
of the beam and then collects the remainder. Since each portion of the
apertured beam is correlated, strong and adverse diffraction effects can
easily detract from the low intensity image quality. Therefore, proper
substage alignment was consténtly maintaiﬁed to reduce the problem to a
minimum,

Consideration of these problems associated with the dark field condenser
brings us immediately to the use of the bright field condenser shown in
Plate XIV. Because all of the exciting radiation is collected and focussed
onto the sample, much lower source powers can be effectively used but with
the added problem of increased laser light introduced into the objective
aperture, As is well known, the added background can be well tolerated
provided that proper filtraticn is used and that the fluorescence easily
contrasts the background. In this cxperiment a monochromator was used 1in

addition to barrier filters and therefore only visual cobservation of the



PLATE XIII

Typical Cardiod Darkground Condenser
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PLATE XIV

Typical Brightfield Condenser.






sample may be hindered by using the bright field condenser.

4, Field-Limiting Aperture

Due to the fact that individual cells were to be analyzed, it appeared
to be beneficial to have some means by which each cell or part of each cell,
would be isolated from the background and remaining fileld of view. The im~
portance of cell isclation becomes important for two reasons. First, the
lifetimes of the excited state within the cell may be different from the
lifetime of the non-specific fluorescence present in the media and inclusion
of the background will distort the data in a manner which cannot be accurately
corrected. Second, single-photon counting tecgniques require low signal
levels and thus the signal-to-noise ratio will be very low unless the back-
ground 1s eliminated. However, the trinocular head does not produce the
same magnification for quantitative analysis as for visual observation through
the oculars. Rather, the oculars used provided an additional factor of 16
in magnificaticn. This means that additional enlargement must be used in
order to preoduce images substantial in size to allow for adequate masking.

As shown in Plate XV the fequired enlargement was provided by an in-
verted 22X chjcctive of numerical aperture 0.653, which gave variable
enlargement depending on the distance from the objective. At this point
the specific cell to be analyzed has been magnified sufficiently large to
ensure that a minimum, if any, of the remaining field of view is passed
through the variable aperture. Fortunately, the yeast cells used were quite
substantial in diameter (~7 microns), making them quite easy to isolate by
masking. Tmmediately following the aperture 1s the collecting lens which
subsequently demagnifies and focuses the cell image onto the monochromator

slit.

61



PLATE XV

Field-1dmiting aperture schematic as used to isolate the

sample cell from the background.
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To remove ambiguity, Plate XV requires further explanation. The particu-
lar dnverted objective, in conjunction with the microscope optics, resulted
in a projected i-age whose sire depended on the distance from the inverted
objective to the aperture. Strictly speaking, the aperture must lie in an
image plane to provide for good, masked, image quality. Uowever, due to
the particular optical arrangement, good focal Image quality was maintained
throughout a large range of magnifications. Compensating for any flaws in
the masking abillity of the aperture was the above mentioned cell size
allowing for spectroscopical observation of only the éentral portion of the

cell.

c. Sample Preparation Methodology

In order that the data obtained should be meaningful, the samples were
necessarily prepared in a fashion suitable for lifetime spectra comparison.
It must be stated that, since the motivation for this thesis 1s based on
investigating the validity oﬁ a previous gssumption and previous experimenta-
tion, sample preparation was carried out in a manner identical with that
described in earlier reportsla. However, all attempts to duplicate the
results of earlier investigators resulted in either complete failure or un-
reproducible samples. Whether the problem lies in an incomplete description
by these investigators or with our technique of sample preparation has not
been determined and only after following a specifal procedure of preparation
were sultably fluorescent samples obtained. The procedure followed for
sample preparation is discussed below, supplemented with tables providing
cell culture growth information and the cells and solutions used for

experiments. Appendiz T will provide the exact time table and chservations
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recorded leading to the procurement of suitably fluorescent cell samples.

For the fastest rate of enzymatic hydrolysis and‘large quantum yields
of fluorescence the optimum molarity of FDA solution appeared to be 100 pM.
Substantial fluorescence has been earlier reportedl& with the enzymatic
hydrolysis of 2.5 uM FDA in yeast, but we were completely unable to obtain
results at this cdncentration and, furthermore, only occasional fluorescence
was observed with 10 uM, 25 uM, and 50 uM solutions of FDA. Corresponding
to each of these concentrations the cells and FDA solutions were allowed
to stand for up to 60 minutes with only an occasional cell exhibiting
fluorescence after this time. Using concentrations much above 100 uM
resulted in unwanted precipitate in the solution. Table IV provides a 1list
of the FDA dilutions used prepared from a fresh base solution of 104 LM FDA
in acetone.

Observation showed that the dilutions and base solution given in Table
IV must be kept at temperature substantially below room temperature at all
times. A temperature of 0°C or cocler proved to be quite sufficient for
efficient cell/FDA interaction to occur. Using FDA solutions that had been
standing at room temperature for any peried of time greater than 10 minutes
showed a serious loss of activity in the hydrolysis/absorption procéss with
a decline of nearly 1007 in activity after 1 hour at room temperature. No
explanation for this peculiar behavior is offered at this time although it
was found that this is the most critical factor in the hydrolysis/fluorescence
process. However, dilutions must be brought to room temperature by guch
means as stirring the sample vile in water just prior to addition of cells
in order to avoid the risk of chilling the cells to the point at which cell

performance, such as hydrolysis rate, 1s altered.



From the point of view of simply obtaining cell fluorescence it is not
critical to any extent whether or not cells are left standing at room tem-
perature in wat«> after removal from the culture, MlNowever, it was observed
that significant background fluorescence was present the longer that the
cells remained in sterile water at room temperature before addition to FDA
and also the longer that the cell/FDA mixture was allowed to stand at room
temperature. In either case, the background, although noticeable
spectroscoplcally, caused no problems in cbservance of cell fluecrescence.
The reason for fluorescence not interfering with cell observation has been
previously stated. That is, cellular size permitted viewing of the central
portion of the cell only.

Using a fresh 100 uM FDA dilution a satisfactory amount of cell
fluorescence could be observed approximately 30 minutes after the cell/FDA
mixture was initiated and the fluorescence per cell appeared to be quite
stable for periods of up to several hours. Noticeable and significant
background fluorescence did not occur until 2 to 3 hours after initial
mixing. Even at this pcint £he change iﬁ cell fluorescence was negligible
(approximately constant), indicating that the cell/FDA absorption-diffusion
process had possibly ecuilibrated.

In so far as the above effects were noted in relation to the rate of
hydrolysis and quantum efficiency in a qualitative way, no attempt was
made to determine any kinetic factors such as rate constants for the
hydrolysis process or to determine the effect of cell culture growth stage
on these processes. lowever, throughout all microscopical observations
there did not appear to be any preferential stage of the cell cyele. While
not all cclls were involved in the absorption/hydrolysis process an equal

percentage of budded and unbudded cells produced fluorescence. Since the
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only phenomena of partlcular interest to this thesis are lifetime-media
effects, cell culture growth rates were recorded as iﬁ Tables V and VI
for possible correlation with the times at which data werce taken on the
samples. It 1s seen that, according to Appendix I, the cells, when
properly mixed with FDA, retain their ability to hydrolyze and hold a
substantial volume-concentration of fluorescein after at least 11 hours
in the culture and upto 15 hours time in the culture plus upto at least
an additional 12 hours after removal from the culture.

In addition to data taken on internal and external cell fluorescence,
experiments were performed on different concentrations of fluorescein
solutions. The purpose of these experiments was not to provide any
detailed information other than to simply obtain a possible estimate of
instrumental variations and/or concentration effects on the fluorescence

lifetime. The solutions of diluted fluorescein are stated in Table V.
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TABLE IV

FDA dilutions from stock solution of 104 uM FDA in acetone.
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Solutdien Dilution

100 uM FDA 2 x ,025 ml FDA: 4,95 mf sterile H,0
25 M FDA 1 m% 100 pyM FDA: 3 mi sterile H20
10 M FDA .5 mk 100 uM FDA: 4.5 mf sterile H20

69



*peaedmod pPU® 9pBW ©q PTNOD ®Baloads 9WIISITIT 3IBYI - I2pio url poiedsixd sordwes 3o SuUrISIT V

A dT9dVL

70



Z

O"H W Q*¢ "EQIOﬁ v T 7 ABTON mtOonhq. (v
o ¥ 0°T i, 0T 7u T- i IBTOR o _0Tx606° (¢
O°H 7w 0°T K, OT W T o TETOR | OTxEE" (T
T# TeTON 0T (1

uor3InTIQ uorinjosg £31aeTeR

SUOTINTO§ ULIISII0NTJ 1Ing

{(pesn jou ing uMoIn) 297 — 00edX (€
v 2d{1 SurivK Ul €T - 08Tex (¢
(prerdeizar) e ad4Ly Suriey Uy BE - 9/91X (T

2dA&1 uieilg

DBISTADIDD S9DLWOIEYDIIEG

71



*$9TA95-T PUB ‘Safiag-) ‘seriag-p eajosdg ur pasn sordwes 10T junod TI9)

IA JATIVEL

77



713

00T/T*0S/T wOﬁxoq.H 19Z-00€ dX
00T/T*0S/T ,0Tx90°8 Be-g/971X
00T/T*0S/T g0T*6T 9 a1-081¢X sanoy Qz:GT
00T/TIx0T/T ,0Tx76°C BE-4/9IX
00T/T=0S/1 NOHx L°L 41~-08TZX sanoy 0G:Z7T
00T/TIx0S/T ,0Tx78" Yy 09Z-00€dX sanoy ¢y:iQT
00T/T<0T/T gUT=9€" L BC-g/9TX
OOH\HXoH\H moaxmm.h dT-08TZX
0OT/Tx0T/T uOmeq.m D9Z7-00€dX sanoy (0:9
00T/Ix0T/T @Omem.m BE-G/9T1X
00T/T=0T/T g0T>x0Z"Y dT1-08TZX
00T/TI=0T/T QOmen.m 29T~00EdX sanoy Qi:h
NOILNTIA TINLIND NI 98/TI3D NIVMLS HRIL

‘08 Ur yu/sTIe2 _QTH S°In3[No PeIIBIS SAnoY Q) SWIl

9




III. DATA ANALYSIS

A, Formulation and Theorv

Generally, the measurement of excited-state decay lifetimes involves
the measurement of transients that occur on the nanosecond time scale. In
view of this short decay lifetime, the limiting factor in such an experiment
is commonly the finite decay lifetime, or rather the full width at half
maximum (FWHM), of the excitation source which are generally of the order
of nanoseconds in duration. Indeed, in this thesis the laser excitation
pulse width has been measured to be approximately 7 nanoseconds and since
fluorescence decay times on the order of nanoseconds were initizlly anti-
cipated, it became necessary to extract the desired information from the
data by means of deconvolution. The necessity for this procedure arises
because any decay time that is similar in duration to the excitation pulse
will produce only a slight broadening or distortion In the tail of the
excitation decay spectrum. Should the decay time to be measured be many
times greater than the excitation pulse, direct determination of this
decay time may be affected, assuming the proper decay law is known.

Consider again the fluorescence decay timé which is nearly the same
as the excitation decay time. As mentloned, measurement of this transient
will involve distorticn due teo the excitation decay and the problem arises
as to which means for analytically and numerically obtaining the desired
data is appropriate. Several methods have been proposed and used effectively
in the literature. Among these are

(1) the method of momenﬁsal,

(2) Fourier trunsformzo,
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2
(3) Laplace transform“o, and

(4) the Multiple-series methode.
A complete treatise on these techniques is given in the provided references
and 1t will suffice to say that all four methods work well under
certaln different circumstances. However, all methods are bhased upon the
theoretical foundation that the undistorted decay function, G(t)}, and the
excitation pulse distorted by the detection system, I(t), strictly obey the
convolution theorem. In a precise formulétion this theorem is stated as

Iy N

F(r) = | I(t) G(t-t) d(e) = I(tN—t') G(t") dt! Eq. 1

where
F(t) = observed, or calculated, decay spectrum,
I(t) = instrument function including any distortion of the detection
system, and
G(t) = decay function response to undistorted delta-pulse excitation.

The justification for assuming the validity of this formulation is well
founded on mathematical grounds by the principle of superposition in trans-
form spaceBz. However, this is not a very physically enlightening approach
nor is it a justification on a physical basis. Therefore, I wish to approach
the problem from a strictly experimental view and show that indeed the
convolution theorem is obeyed for specified functions.

Assume for convenience that the desired decay function is purely

exponential,



i.e.,

ot
G(t) = Ao B /O Eq.

2]

where

A

normalization constant

o decay lifetime
t'= dummy variable to describe the decay relative to the excitation.
Experimentally, what we observe is a spectrum of intensity (counts)
vs. time {channels). Due to the nature of data acquisition, time 1s ne
longer a continuous variable. Rather, it is discretely broken down into
channels, each of width At' predetermined by experimental considerations.
For a delta-pulse excitation, what is observed is the resultant decay
spectrum
otle

F(tN) = G(tN) = AI\

"

s Eq. 3

where the subscript (N} is to denote the discrete nature of the time base
measurement, However, reality forbids such a function and the finite time
width of the excitation must now be considered., This situation is shown
in Plate YVI. TFundementally, we see that each channel representing a time
interval At' can be considered to give rise to excitation and that the
decay deoes not arise strictly from an Instantaneous pulse at the beginning
of each channel as shown In Plate XVI, This has been drawn primarily for
clarity of understanding the underlying principle. UYow consider N channels
labeled 1 to W as in Plate XZVII, where (]N) represents the number of counts
in the ch channel and 4t' Is denoted zs before as the time parameter to

measure the deeay af ter excitation at tf Thercfore, we com express

i
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]
‘ —
Gl = Tye tn/a

4
N Eq.

We wish to find the total contribution in the Nth channel due to all other
previous channels of excitation.

In order to preserve the number of counts, it must be required that

o 1
Tt g Eq.

ANe_t'/{ll dt' = IN = AN

Upon evaluation we find that

A = IN/u . Eq. b

Proceeding channel by channel and using conservation of counts, we ascertain

the following:

Channel 1 contributions:

® (At ” )
f
-t' /o £ o _ -t' /o ! -t' fa B
I, | e d( ) = I, = I;¢ l e gl =3 + e d( <) ¢ Eq
0 o] 'At'
S ¢
At s o 1 . )
[
—-t'Ju el -t'/u (o _ ~ht'fa
Il d( =) = Il ¢ 1 e d{ = ), = Il< l-e . 3 FEq. 8
/ |
[+ L Lt ) § )

Therefore, the contribution in channel 1 is



Channel 2 contributions:

o At' 28¢" o W

TG = =1l | B TG SRS Y Be 10

o o At' 246t

The contribution in channel 2, due to chamnnel 1 is

2at!

A
e | T gt 1
| et Md = 1 J “tagety L | &% E b pg, 11a
(o]

1 o

s A\ e L]
= I e Bhde e 288" /o ’ . Eq. 11b

’
However, there is a contribution in channel 2 due to channel 2 excitation,

given by

At
1| 1~ At /a : Eq. 12

Summing these two contributions, we obtain the total contribution in

channel 2 to be

1 -e ! . Eq. 13
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Channel 3 contributions:

In order to avold the tedium of algebra I will state only the result,

which is obtained in the same manner as for channels 1 and 2:

- '
Ie 20t o

-At' o
1 I.e

+
2

o 1
i e At' /o

I Eq. 14

.

3

The pattern of development Is now apparent and the expressions may therefore

be generalized to the total Nth channel contributicens,

N
-(N-— L At
i w 1,6 W-T)At § - i Eq. 15a
N h| -
3=l
’
, 3 N
& ] - Pl L]
= ﬁ 1 ~-e bE".a Ije (N-3)4¢' /o Eq. 15b
Il
£

LY
In order to verify that this is th

equation (15) must possess certain

A,

contributions in a gilven channel.

single term for which K = j.

= T —

[5)
Lim I N

N

o+0

B. In the limit as o tends t

(]

e convolution theorem in discrete form,

analytical properties.

In the limit as o approaches zero, we no longer have multiple

Therefore, the sum collapses to a

Lim /¢ I

a+0

. Eq. 16

o infinity we find



N
C E
Lim I.N —> Ij [14] x 1 =20, Eq. 17
oo
J=1

which implies there 1s no emlssion which is Iin agreement with one might

expect for an «~-lifetime,

C. In the limit that At' tends to zero, we note N tends to infinity.

Since the sum must remain finite, it follows that

2

Bat! tn
(1) —D' 3
—{

At' t '
) = =,
At! 5
(3) —at" —> d(&') , and
” b N tn
-A 1 o — ! -
Lim ¢ 1_- t'/a L Ije (N-j)at' /a = I{t) e(tn t)/adfs) Eq. 18
T
At'=0 =1
L / 8]
-4t /o ’ ' .
where e has been expanded in a power serles. Equation (18) is simply

the convolution integral as stated in Equation (1) for the case of a purely
exponential decay law, we see that indeed there is a physical basis for
requiring the specified function I(t) and G(t) to obey the comvolution

theorem.

Equation (15) is particularly useful for computer analysis for three

reasons:

(1) The summation is carried out over distinct, equidistant channels

specified by Intcpers,

(2) The function G(t) need not be necessarily purely exponential. Rather,

a2/



any desired decay may be used to provide a closed form diserete function,
provided that the initial integratioms are capable of analytical evaluation.
Being that deca. laws are generally of simple form, this 1s no problem.

(3) The function I(t) is by nature eﬁpirically discrete.
Appendix II provides a suitable program for data analysis employing Equation
(15} and a documentary of the program functions. Reasons for employing the
specified form for G(t) will soon become apparent, primarily for statistical

rather than necessarily physical considerations.

B. Statistics and Errors

Rather than dwell heavily on a qualitative discuséion of the decay
lifetime data at this stage, clarity and conciseness require that data
presentation and Interpretation be deferred until the next chapter.
Therefore, so that the results obtained can be viewed in the proper
perspective with respect to statistical and instrumental uncertainties,

I now wish to qualify the discussion which follows with appropriate reasoning
the presented estimates.

Initially, it 1s important to establish the instrumental variability
since this will turn out to be the largest uncertalinty in determining the
decay lifetimes. Such factors that must be included in this estimate are
(1) the timing jitter associated with triggering, (2) the discriminator
timing jitter and walk as well as (3) the transit time variations within
the photomultiplier tube. Each source of errer need not be specified
since an estimate can be determined experimeﬁtally. Unfortunately, a

large sarple of such data necessary for a highly accurate estimate is not

fes)
]



avallable and the cstimate to be calculated is made from a small sample

of the data presented in Table VII. Using the obtained lifetimes for
experiments run consccutively on a gilven concentration of pure fluorescein
solution, in particular, spectra G-2A, G-2B, G-2C and the equations for

calculating sample means and sample variances, the estimate ohtained is

g =85 = . 374 channels,

The particular equations33 used in this estimate are

. T - L ‘
wEy = 3 ¥y and Eq. 19
" 1 = 2 .
a —S = N""l (Yi_Y) 3 Eqn 20
where
; = the sample mean, an estimate of the true parent distribution
value, H,
S = the sample standard deviation, an estimate of the true parent

distribution standard deviation, and

¥4 the individual lifetime values used in the estimate.

However, being that the number of data values used in this calculation 1s
only three, it is clear that the obtained estimate 1s actually larger than
what would be obtained had many more values been measured. Therefore, the
quoted value of .374 channels for the instrumental uncertainty is an upper
bound. As a further check on the instrumental stability, all data pre-
sented and analyzed is in a format using two instrument functions for the
ipitial data deeonvolution. The purpose of thisc is quite simply to present

numerically and graphically the explicit effect which the instrumental
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variabilities have on the data. 1t should be pointed out that all results
obtained uvsing the two different instrument functions urulthe same to within
the estimated irstrumental uncertainty of 6.1%,

In the most general analysls, the deéay law, G{t), would necessarily be
of a general form which would include a number of variable parameters. Such
a form may be32

N
G(t) = A Ty Eq. 21

3
j=1

where Tj represents a given set of fixed lifetimes bearing no physical
significance necessarily. This expression presupposes no explicit decay
law and provides for the extractlon of more than one possible decay mode
in the samples. However, using such a technique is beneficial only in
the event of very good counting statistics, usually on the order of filve
decades of counts in the spectrum peak and even under these conditicns the
gsignificance of more than one extracted lifetime must be carefully
scrutinized, Table VIIT provides the counting statistics assoclated
with the spectra and inspection shows that the Polsson variance allows
for the physically and statistically meaningful existence of only one
lifetime. Therefore, the earlier establishments of the form of G(t) to one
exponential is thoroughly justifiled by statistical analysis and the
associated deconveluticon results.

Statistical treatment of the data in calculating associated fitting
errors has been presented in two formats: |

(1) The non-linear least squares analysis required for deconvolution

15 adequately documented in Appendix IT speclfying the equations

ured in determining fitting errors and parameter errors,
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(2) The linear least squares analysils of the deconvoluted lifcetimes
presented in the following chapter is based upon the minimization

of chi-squared:

thus determining the best fit to the straight line given by

y = a + bx .

In the usual seuse34,

& % > Z‘ Z‘ Eq. 23a
b = % Z Z Z Eq. 23b
zg:j Zé:: Eq. 23¢

U = _KE ZE:: sz = E%E 3 Eq. 23d

02 = 32 = Niz (yi -a - hxi)z, Eq. 23e

vhere the notation from this point on in the discussion associates y
with the dependent variable decay lifetime and x with the appropriate

independent varilable.
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V. DATA PRESENTATION

In Chapter ITT (Section B) it was pointed out that data analysis was
carried through by using two instrument functions for variability comparisons.
Therefore, seemingly duplicate sets of plots and data tables actually re-
present the use of these two functions. Iﬂspectioﬁ of the corresponding
legends will clearly indicate which instrument function has been used in
order that all plots and data tables may be proper1§ correlated. For both
the deconvolution and the linear least squares analysis Tables IX and X
provide the specification of the samples used as well as the lifetimes
obtained for each instrument function. For all linear fits, the vertical
error bars represent the instrumental uncertainty and the horizontal bars

merely mark the data points.

A. Deconvolution

Plates XVIII through XXV are a representative selection of the data that
have given the best non-linear fits with the model presented in Chapter III
{Section A}, and were chosen from Tables VII and XI. These tables provide
the information calculated by the computer which describe the goodness of
fit, fitting error, parameters and parameter uncertainty for all data that
was analyzed. These particular plates indicate both the instrument function
profile and a given fluorescence decay spectrum which have been normalized
to the total number of counts in the instrument functicn profile.

For reasons specified in Appendiz TI, the superimposed peaks have been

channel-shifted in order to place them in both correct vertical and

9%



horizontal perspective to each other. The criteria for determining the
correct chamnel shift’was solely on the basis of which‘relative peak position
vielded the best fit between the observed data and the calculated decay
spectrum. The particular decay spectra shown correspond to three different
samples: (1) Plates XVIIT, XIX, XX and XXI show the decay spectrum of
10*4 M solution cf‘fluorescein, (2) Plates XXIT and XXIII show the decay
spectrum of intracellular fluorescein, and (3) Plates XXIV and XXV show
the decay spectrum of background fluorescence in a cell/FDA solution. Using
these same spectra Plates XXVI through XXXIII show“these spectra with the
corresponding computer fits using the two mentioned instrument functions.
Examination of these fits and Tabl;s VII and XI indicate that the prescribed
use of the described model of convolution and channel shifting appears to be
quite legitimate.

Althcough the fits are generally quite satisfactory, the fluorescence
decay spectra indicate that the £it could be improved upon considerably.
The initial rise of the peaks appears rather uniform and smooth. However,
the peak and eﬁtire decay taill exhibit some rather pronounced bumps which |
can be attributed to a very real instrumental phenomenon, or phenomena.
Close inspection reveals that these bumps seem to be guite periodic In
nature and therefore may be termed more appropriately as oscillations. Previous
reportsl6 have indicated that the possible causes for such oscillations or
secondary peaks are either varying transit times of photo electrons in the
photo multiplier tube caused by maladjustment of the dynode voltages or
pickup of r-f noise generated by the excitation source. At the time of this
work mo attempt has been made to remove these instrumental effects although |

16

the means to accomplish this correction are routine.
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By comparing Tables VIT and XI it is seen that the results of using
two instrument functions for the same convelution and fit &ield lifetime
values that certsainly lie within the estimated instrumental uncertainty
of .374 channels. Therefore, although the instrument functions appear to
be noticeably different, the correspondiﬁg decay fits are only slightly

different. The differences are within the instrumental error.

B. Concentration-Decay Lifetime Relationship in Pure Fluorescence Solution

Throughout the course of the decay measurements, each lasting on the
order of half an hour, the cell without a doubt experiences many changes
in environment, both external and internal. Among these changes is the
production of fluorescein within the cell structure. This fluorescent
dve progresses through a range of intercellular concentrations, which are
not known values. As previously discussed, providing that there is sufficient
FDA uptake into the cell to balance the rate of fluorescein leakage out of
the cell, a temporary steady-state situation is reached where the intra-
cellular fluorescein concentration remains essentially constant. As a
consequence it is natural to ask the question, "Is there any significant
- concentration effect on the decay lifetime in the event that the concentration
increases during the experiment"f No attempt has been made to rigorously
determine the concentration dependence but only to obtain an estimate. Since
this preliminary estim;te indicated no significant effect, a rigorcus
determination was consildered unnecessary at this time.

Plates XXXIV and XXXV and their corresponding data Tables XII and XIIT
show the results of the preliminary investigation, again using the de-

convoluted data obtained from two instrument functions, The lincar least
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squares analysis in Table XII shows the best fit line to have a slope of

LA45 channeis/lﬂfa M, thus initially indicating a possible concentratien
dependence. However, the uncertainty in the determination of this slope

is .399 chaunels/lowa M. -The.only conclusion to be reached from the analysis
is that there is no ccncénfration dependence of the decay lifetime. This
conclusion is not by any ﬁeans_the‘final word but rather it implies that
should there actually §e a dependence it is very possibly of minor signifi-~
cance over the range of concentrations used in this study. Obvidusly,
instrumental precision Improvement and many more obéervations'are necessary
in order to totally confirm this statement. By comparison, the data obtained
from the two instrument functions again shows no variability bearing any
significance and at this point no further reference will be made to this
fact. Data 1s presented in both fashions and the reader will be left to

compare for himself.

C. Cell Culture Age-Decay Lifetime Relationship

Prior to presentiqg the results concerning cell ages, it must be pointed
out that the variable Tl representing culture age does not necessarily
correspond to the time of cell growth within the culture. Specifically,
the cells, in some cases, had been removed from the culture several hours
before using them. Therefore Tl actually represents the time of cell growth
in the culture plus the time in solution out of the culture until use,
based on culture age fof convenience, 'For the J and K-Series spectra, the
cell samples were taken from the culture after 12.83 hours and mixed with

FDA .42 hours later. The L-Series spectra cell samples were removed from



the culture after 15.33 hours and mixed witch DA 6,17 hours later.

Due to the fact that all but one of the cell samples were removed from
the culture at a time when they were progressing from the exponential growth
to stationary growth, it has tacitly been assumed that cell variations were
minimal with respect to changes due to culture growth. As a consequence the
independent variable Tl may appropriately be described as a measure of the
time that the cells were removed from the culture and subsequently left
standing in sterile water.

Let us first consider the intracellular fluorescence data presented
graphically in Plates XXXVI and XXXVIT, and the respective Tables XIV and
¥V. Once again the results are distinctly conclusive with the uncertainty

in the slope, on the order of the slope itself. GSince the optimal

Ty
value of the slope is only of magnitude .032 the cell age can be assumed

to have no observable effect upon the decay lifetime of intracellular
fluorescein. Howaver, if the same analysis is applied to the background
fluorescence of the cell/FDA solution the results are quite different, as
shown in Plates XXXVIII and XXXIX and Tabies XVI and XVII. Inspection reveals
that the resultant slope of the linear fit has increased by a factor of

nearly ten in magnitude over that of the intracellular fluorescence analysis.
Also, the slope is negative and on the order of ten times greater than the
uncertainty in the slope. Comparison of these two cases yields possibly
profound consequences. If the linear fits are extrapclated to time Tl =0,
the fitting analysis reveals that the associated lifetime differences between
the two cases is on the order of 4.1 channels, well outside the limits of
instrumental uncertainty. Although measurements were not made on the samples
until they had nearly finished exponential growth, such extrapolation may

possibly be meaningless. However, such a large change in the fitted slope
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througheut the rogion where neasurenents had been made indicatre stronply
that the decay litetime insiide the cell mav not be assumed to be Identical
with that as wmeasured outside of the cell, contrary to assumption by

12 i
previous investigators ~.  In particular, the comparison shows the decay
lifetime ocut of the cell to he loager than that in the cell initially and
for a period of approximately 19 hours. After a 19 hour period the
relative magnitudes reverse in gize due to the negative slope.

This result is secemingly in agreement with what cne might expect to
happen. The lifetime inside the cell remains constant due to a possibly
hipgher state of interaction within the cell, thus quenching out the longer
excitations and accounting for the initial relative magnitudes of the two
values. As time pregresses, the cellular leakage of fluorescein produces
an increasing concentration of fluorescein in solution and thus enabling
concentration cuenching to cccur, accounting for the decreasing lifetime
of the background fluorescence. This is completely compatible with the
earlier discussion of concentration effects on the decay lifetime since it
is entirely possihle that the range of concentrations over which the
measurements were made was such as not to display the phenomena of concen-
tration quenchirg. As a matter of interest, comparison of Tables XII and
¥IV indicate that the lifetire axis intercepts are equivalent te within
the instrumental uncertainty, thus showing that concentration gquenching
phencmena is possibly dominant in intracellular {luorescence as well as
over the ranpe of concentrations used for pure fluorescein. Obviously, an
intensive and complete investigation of the possibility of this occurrence

igs in order for verifilcation.
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In relation teo the work performed by others regavrding polarization
effeets of dintracellular Fluarescedn, the sipnificance of the results
chtained dn this thesis strongly indianoslthnt clhanges in polarization
mav not be attributable solely to changes in the "structuredness” of the
cell at‘all but rather to concentration effects on the lifetime. Further
support of this reasoning lies in the fact that the small changes in
polarization cobserved by others could very likely be due to the result
of measurcments made on macroscople samples, from which it dis essentially
irpossible to remove all of the background flucrescence by spinning the
cells out of the solution or by filtration as is generally done. This
remalning backgreound fluecrescence could very likely be contributing to,
if not accounting for, the observed polarizatien characteristics. However,
at this time the proposed model has no firm cuantitative foundation to rest
upon and further dnvestigation is mandatorv,

At this stage it is informative to mzhe a quantitative estimate of the
degree of polarization that could be expected from the lifetime changes
anticipated from the preceeding analysis. Rearrangement of Equation 1

of Chapter I (Section R) yields

3

P = aaTeant » CUNE
where
1 1
I et .
L 3

Expressing Lguation la in terms of percentage chanpes, it can be shown

nulte sluply that

Q?- - -~ _(].fi_l,i[;’rw___ Fﬂ ]b
¥ TAA+GALT ! . 1
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It 1s secn from this equation that a percentage increase in the lifetime
produces a corresponding percentage decrease in the polarization. If the
assumptions that the factor B6AR can be neglected with negligible consequences

l35

and that P0 =5 Equation 13 reduces to

%— =~ AT/T # - Eq- lc

From the least squares analysis of Table XVI the best fit linear equation

of background fluorescence is

v, = 10.05 channels - .231 (Tl) chamnels.Eq, 2

B
Evaluating this equation for Tl = 23 hours, the calculated lifetime is
Ty T 4,74 channels .

Using the data of Table XIV, the intracellular lifetime can be considered

to be

T, = 5.95 channels ,

indicating a lifetime difference of

|41|=1.21 channels .

Utilizing Equation lc,

5w i =203,
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indicating a 20.3% change in polarization from the initial value of P,
due to the observed decay lifetime variation. Obviously this effect
cannot be considered negligible and, in fact, becomes more significant

for smaller values of T, according to this'analysis.

1

D. Cell/FDA Mixture Duration - Lifetime Relationship

Plates XL and XLI and Tables XVIII and XIX show the data and analysis
parameters associated with assuming a linear relatiomship between decay
lifetime and the time that the cells and FDA were allowed to mix together,
specified as T2' Unfortunately, the results of this analysis do not
corroborate the results of the previous section. Rather, it can only
be stated that there is no dependence to be seen of the lifetime on T2 due
to the uncertainties in the slopes, ob, being on the order of the slope
themselves. Although Plates XLII and XLIII and Table XX and XXI, which refer to
background fluorescence lifetime as a function of T2, show an increase in slope
of three over that for intracellular fluorescein, it must be noticed that
the corresponding increase in slope uncertainty prevents meaningful con-

clusions to be reached concerning any dependencies.
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PLATE XVIII

Channel-shift corrected plots of an instrument function and
an observed 10_4 M fluoresceln solutlon decay spectrum, normalized

to total number of counts.

+ ingtrument function, spectrum M-l
B fluorescein, spectrum F-1A
lifetime = 6.45 channels, 4.24 nsec

.657 nsec/channel
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PLATE XIX

Channel-shift corrected plots of an instrument function and
an observed 10_4 M flucrescein solution decay spectrum, normalized

to total number of counts.

+ dinstrument function, spectrum H-2A
B fluorescein, spectrum F-1A
lifetime = 6.25 channels, 4,11 nsec

.657 nsec/channel
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PLATE XX

Channel~shift corrected plots of an instrument functlon and
an observed 10—4 M fluorescein solution decay spectrum, normalized

to total number of counts.

* instrument function, spectrum M-1
B fluorescein, spectrum G-1B
lifetime = 6.16 channels, 4.05 nsec

.657 nsec/channel
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PLATE XXI

Channel-shift corrected plots of an instrument function
and an observed 10_4 M flucrescein solutlon decay spectrum,

normalized to total number of counts.

* dnstrument function, spectrum H-2A
B flucrescein, spectrum G-1B
lifetime = 5.95 channels, 3.91 nsec

.657 nsec/channel
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PLATE XXII

Channel-shift corrected plots of an instrument function and
an observed intracellular fluorescein decay spectrum, normalized

to total number of counts.

* Instrument function, spectrum M=-1
B intracellular fluorescein, spectrum J-1A
lifetime = 6.07 channels, 3.99 nsec

.657 nsec/channel
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PLATE XXIII

Channel-shift corrected plots of an instrument function and
an observed intracellular fluorescein decay spectrum, normalilzed

to total number of counts.

»  instrument function, spectrum H-2A
@ intracellular fluorescein, spectrum J-1A
lifetime = 5.89 channels, 3.87 nsec

.657 nsec/channel
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PLATE XXIV

Channel-shift corrected plots of an instrument function and an
observed cell/FDA solution background fluorescence decay spectrum,

normalized to total number of counts.

« dnstrument function, spectrum H-2A
@ background fluorescence, spectrum K-3B
lifetime = 5.04 channels, 3.31 nsec

.,657 nsec/channel
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PLATE XXV

Channel-shift corrected plots of an instrument function and an
observed cell/FDA solution background fluorescence decay spectrum,

normalized to total number of counts.

« dnstrument function, spectrum M-1
B background fluorescence, spectrum K-3B
lifetime = 5.25 channels, 3.45 nsec

.657 necec/channel
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PLATE XXVI

Least squares fit of an Instrument function-exponential decay

convolution to a 10—4 M fluorescein solution decay spectrum.

a fluorescein, spectrum F-1A
(:) convolution, spectrum H-2A
% m JB1E

lifetime = 6.25 channels, 4.11 nsec

.657 nsec/channel
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PLATE XXVII

Least squares fit of an instrument function-exponential decay

convelutien to a 10"'{L M fluorescein scolution decay spectrum.

= fluorescein, spectrum F-1A
(:) convolution, spectrum M-1
¥& = JB81

lifetime = 6.45 channels, 4.24 nsec

.657 nsec/channel
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PLATE XXVIII

Least squares fit of an instrument function-exponential decay

convolution to a 10-4 M fluoresceln solution decay spectrum,

] fluoresceln, spectrum G-1B
(:) convolution, spectrum M-1
x2 = .639

lifetime = 6.16 channels, 4.05 nsec

.657 nsec/channel
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PLATE XXNIX

Least squares fit of an instrument function-exponential decay

convolution to a 10_4 M fluorescein solution decay spectrun.

[} fluorescein, spectrum G-1B
(:) convolution, spectrum H-2A
xz = ,636

lifetime = 5.%5 channels, 3.91 nsec

657 nsec/channel
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PLATE XXX

Least squares £it of an instrument function-exponential decay

convelution to an intracellular fluorescein decay spectrum.

| intracellular fluorescein, spectrum J-1A
(:) convolution, spectrum M-1
o = BER

lifetime = 6.07 channels, 3.99 nsec

.657 nsec/channel
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PLATE XXXI

Least squares fit of an instrument function-exponential decay

convolution to an intracellular fluorescein decay spectrum.

B intracellular fluorescein, spectrum J=-1A
(:) convolution, spectrum H-2A
x> = .646

lifetime = 5.89 channels, 3.87 nsec

. 657 nsec/channel
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PLATE XXXIT

Least squares fit of an instrument function-exponential decay

convolution to a cell/FDA solution background fluorescence decay

spectrum.

] background fluorescence, spectrum K-3B
(:) convolution, spectrum M-}

% = .500

lifetime = 5.25 channels, 3.45 nsec

.657 nsec/channel
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PLATE XXXIIT

Least squares fit of an instrument function-expenential decay

convolution to a cell/FDA solution background fluorescence decay

spectrum.

B background fluorescence, spectrum K-3B
(:) convolution, spectrum H-24

2 = .600

lifetime = 5.04 channels, 3.31 nsec

.657 nsec/channel
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V. SUMMARY OF CORCLUSIONS

In summation the intention of thils thesis has been to construct a
pulsed laser system capable of measuring short lifetimes of fluorescing
dyes in single cells and to verify the possible existance of variations
in fluorescence decay lifetimes of hydrolyzed fluorescein diacetate.

These varlations are assumed to have their basis in the differences between
the cell interior and exterilor. Preliminary experiments performed have
given results that indicate the existence of the conditions that (1} sample
preparation must be carried out in a definite manner, such as given in
Appendix I, (2) intracellular fluorescein concentrations appear to be in

the regime where concentration lifetime quenching is doﬁin&nt and (3) that
there is a definite possibility of significant difference in decay lifetimes
between intraceliular fluorescein and the background fluorescence caused by
cell leakage of fluorescein, the latter indicating a possible gradual in-
crease in concentration lifetime quenching in the background.

The instrumentation has shown 1tself capable of reascnable precision,
although the results clearly indicate the needed improvements. In parti-
cular, the conclusions reached above are in excellent zgreement with ex-
pectations and lie well outside the estimated instrumental and statistical
uncertainties. Therefore, the final conclusion reached by the author is
that the assumption of no varilatiocn between Intracellular and exterior
fluorescence decay lifetimes is an unfounded statement, in need of much

further investigation.
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SAMPLYE PREP-PROCEDURE

Time
0:00 hours 1) Began cultures at 106 cells/m% in synthetic
complete media.

2) Made new base solution of FDA in acetone as
follows:

(a) 0.416 grams of FDA in 10 ml acetone =
10° uM FDA
(b} 1:10 dilution in acetone = 10& uM FDA.
6:50 hours 1) Mixea XL67B-3a cells into various FDA concen-
trations at a ratiec of .2 mi: .2 mk.

2) Viewed samples under microscope for fluorescence
at 10 minute intervals for 30 minutes with no
results using old and new FDA cencentrations of
(a) 10 uM
(b) 25 uM
{c) 50 uM

10:43 hours 1) New sample of X2180-1B cells taken from the culture
at 4.85¢107 celis/m? in sc and diluted 1:10 in
sterile water.

2) Sample was then sonirated and counted as stated in
cell count table.

10:45 hours Dilutlons prepared {rom cold THA using both the old 104 uM

and new 104 UM FDA colutions with dilutions as previously

noted.

184



10:55 hours Cells were mixed with the 6 different FDA solutions
at 24°C in ratios of 1 ml: I mg.

11:05 hours : Each of six samples checked and scored for fluorescence
as according to Table XXTI.

11:55 hours New samples mixed from cells and FDA which had been
standing at room temperature for approximately 1 hour
and 10 minutes to see if activity had been lost during
that time. Cells/FDA ratio was 1:1 solution using 25
UM and 100 uM FDA concentrations.

12:00 hours New 25 pM cells/FDA solution showed fluorescence but

wide variation in intensity from cell to cell,

12:30 hours Results of 11:55 samples scored for fluorescence:
25 yM 100 M
New FDA @ None None
R.T.

12:40 hours Viewed same slide of 100 uM new FDA/cells solution from
11:35 s;mple and ob;erved cells to fluoresce brightly
but alse with high background. |

12:50 hours New samples taken from cultures:

(a) X2180-1 @ 7.7x10 cells/mi diluted 1:50
(b) XL6E7B-3a @ 1.5><lO7 cells/mé diluted 1:10

13:15 hours New dilutiqns cf FDA were made from 104 UM to 102 UM,
which had been kept at 0°C. To test the effect of old
cells,

1} cells from the 10:43 sample were mixed with the

new 102 ut FDA solutlon. Simultancously,



“¥
2) fresh cells were mixed with the old 107 uM FDA
made at 10:45 hours.

13:45 hours Results of 13:15 mixtures are scored in Table XXIII.
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To provide a more efficient procedure in data analysis, the I'DP-15/30

4

computer of the Tuclear Scicnce Laboratories was chosen In preference to
the I 370. The clhioice was made on the Basis of user contact/control at
all times during programming and calculating which resulted in considerable
time saving. Since there is computer-user communication via teletype,

computer command responses and user commands will be included in addition

to the necessary programs and documentaries.

A. Program Functions

Consider the signals recorded by the PHA. These discrete signals
represent a given time interval between correlated start-stop pulses
received by the TAC. he time of start for the TAC is determined by the
photodiode pulse amplitude because the trigger point of the level
crossing discriminater is dependent upon the pulse amplitude. Since this
amplitude varies from experiment to experiment because of the necessary
laser power adjustments it is clear that this effect merely acts as a
variable delay between the start-stop TAC channels. This variable delay
effect manifests itself, not in the spectrum shape, but only in the
relative position; an additional constant delay merely contributes a
constant voltage and hence a constant spectral shift. Although the shift
is random from spectrum to spectrum, preper consideration must be given
to this effect for a proper deconveolution since laser pulse and resultant
fluorescence timing spectrum generally do not have their peaks common fo

the same position. Treatment of this concept will he provided shortly.



Initially the raw data is transferved from the THA to paper tape for
computer analysis. However, the computer must recoivé all data from
magnetic tape, prepervlv formatted. Hence, data must be transferred from
the paper tape onto mapnetic tape. Computer program ”OMPARE"36 performs
this operation and consists of a main program "READER" with subroutines
"PAPER(ISEG)", "LPOUT(ISEG)",'"VPOUT(ISEG)", "READ3", "WRITE3", and
"PAPERTEST". 1In essence, the program takes paper tape output from a
1024 channel analyzer and puts it intc a 4096 area in computer core and
then to magnetic tape. The core is separated into (4) X 1024 segments
which are then divided into (4) quadrants. Thus, each tape file is
capable of 16x256 channel storage areas. In addition, the program
provides for a visual scope plot of the recorded data as well as line
print output, which is recommended for use in order to guarantee proper
data entry. Assunilng proper operation, all data is now transferred to
magnetic tape. The data is not as yet ready for computer analysis.

As mentioned earlier, the spectra are randomly shifted in channel
position from one another and thercfore must be corrected for at this
time. There is no definitive technique for determining the proper
correcticns to be made other than comparing the individual spectra (data
plots were done on the Hewlett-Packard calculator-plotter directly from
data paper tape) and the necessary channels shift for the data was
decided by inspection. The technigue which follows has been found to
be quite satisfactory in determining this correction. A good instrument
spectrun whose posltion is as far left as possible without eliminating
any data channels is obtained. This may be done by delaying the start

pulse glightly, ylelding a smaller time interval and, hence, a smaller
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voltape pulse. The decay spectra to be analvzed are now compared with the
instrument function. A number of channels are deleted from the beginning
of the decay spectrum one by onc until onlv the first low-count channels
of both peaks are close to superposition. Cenerally this will result in
the decay spectrum peak being situated to the right of the laser peak by

a few channels. The reason for superimposing only the initial channels is
because for each channel there are contributions from preceeding channels,
described in Chapter ITI. Therefore the first channels only of the decay
spectrum are essentially those of the laser pulse.r Fach estimated channel
delection 1s recorded, as well as the instrument function teo which the
spectra are compared. A simple program has been written for this purpose
and is titled “FIK”3?. Operationally the program provides teletype output
asking for a particular data file and spectrum and how many channels to
delete from that spectrum. Channel deletions are entered comnsecutively
upon computer messages and when Input is terminated the ccmputer auto-
matically corrects all spectra, retaining original data files and creating
new corrected data files on magnetic tape. The data are now ready for
subsecuent deconvolution. The point should be made that the computer plot
output of the decay spectra and corresponding fitted spectra will reveal
whether or not the correct channel shift correction had heen made. The
effect will show up as a erronecus shift between data and fitted curve.
Therefore, the new correcticns can be obtained if necessary and deconvolution
redone. Preliminary to deconvolution, as a check to ensure that the data
had been corrected as initially spocified, it is beneficial to obtain a
37

line printer output of the new data files. Computer program "LPP'

performs a line printer plot and lists the content of each channel for
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easy comparison with original PIA teletype output, "LPP" consists of a

aall
3

main program "MPLPG" and subroutine "LIX

The main data deconvolution and fitting program is ”CONFTT"GA, con-
sisting of subroutines "MATIRV', "READ", "DATA", "DCON", and "FUNCT(N)".
This program will fit a set of 256 data points with an arbitrary empirical
256 channel instrument function and an arbitrary decay function. Although
the included program provides for individual variation of 5 parameters,
provision can be made te accommedate up te 30 parameters.

The particular function that is belng fit to the NDAT equally spaced
data points is expressed in computer notation as

LIM

YC(IL)=YC(I)+ zi: FD(K)* EXP[:—FLOAT(LIH—K)*(l.GQ/B(I%] *
K=1

[1.;-3—-1-:}:? [-1. E!WB(I):H—[ Eq. II-1

4

where
YC(I) = calculated value in channel I
FD(¥) = value of instrument function in channel K
LIM = number of channels to be summed over
K = gummatlon variable
B(l) = parameter value corresponding to (1) parazmeter, expressed
in channels
EXP = usual exponential function
FLOAT = computer command desipnating real arithmetic operation.

Other computer names neccessary to define are:

NPV

number of paramcters to vary

NDAT nuher of data points



i

YO(1) observed data value dn channel [

T(PAR) = number of parameter heing varied

ITMAX = maximum number of fitting iteratlions, user stated,

NPRT = number of parameters to print

KLOES = number of singular points in matrix

DEG = NDAT - NPV, value indicating degrees of freedem for
calculating reduced xz

ITER = iteration number being performed

TMP = total erroér in fit

G(I) = gtatistical error in fit.

Equation II-1 is merely a restatement of Equation (15) in Chapter III,
presented in a form suitable for computer computation. .Suitable qualification
has already been given for this equation.

In obtaining the best fit the expression minimized by the program is

called CHISQ, where

KDAT
K (YO(1) - YB(D))2
CHISQ = T T , Eq. TI-2
I=1

the 1.0 being included so as to eliminate division by zero. Inclusion
of this number 1s of no consequence due to its relative smallness compared
to YC(I). The best fit is obtained for which

SOHTSO .
e e - E . IJ,"‘.j
B (K) L ! 4

for cach K. The resulting cet of equations is then sclved by an iterative
search technique to calculate successive corrections to B(F) which improve

the fit. The set of equations 1s hest solved as a matrix equation, using
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standard techniques such as those presented hy Bcvington33, Draper and

.39 . 40 ’
Smith™ ", and Simonis ~, represented as

A=DB § , Eq. TI-4a

where

A(K) = the sum of the deviations, weighted by the effect that B(K)

has on the fit and is of the form

NDAT
[YO(I) - YB(I) Z(I,K)] , Eq. TI-4b

I=1

DB(K) = a change in the parameter B(K) which improves the fit,

S(L,K)= sum of the second cross partial derivatives and of the

form
NDAT
Z(I,L) Z(I,X) , Eq. II-4c
I=1
Z(I,K) = E%%%%% , the effect of the fitting parameter on the fit
itself.
The equation which must be solved is IT-4. Multiplying by S—l, one
obtains

=k . Eq. TI-5

I
b=
195 BRI
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' Vi
The matrices § and § are traditionally known as the curvature matrix and
error matrix, respectively, and for a full explanation one should consult

the previously s!ited references. S_1 is designated as such because it

contains most of the information needed in determining parameter errors:

-

o=l 2

R N Eq. II-6

Equation II-5 is the basis for determining successive corrections to the
fitting parameters and computation is continued until the computer can no
longer improve the fit, the criteria being one of the following conditions.
(A) TITER > ITMAX.
This condition limits the number of iterations perférmed. When
this condition is met the calculation is stopped, "ITER OUT"
is printed and final output is Initiated.
(B) TIF(AES(TMP) - 0.¢21).
This condition determines the precision by which xz must
change. 1If xz does not change by a value greater than §.#@1
on a given iteration then the calculation is stopped, "OK EXLT"
is printed and final output is begun.
(C) IF(ITER-6).
This condition limits the total number of iterations performed
to 6 (or a different value if desired). Should the x2 value
change by more than $.¢@1 on the sixth,iteration, then the
calculation is stopped "CHI UP" is printed and final output is
begun.
Using the Polsson distribution appropriate for photon counting the

goodness of the fit is determined by the reduced xz value of the form
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NDAT NDAT

oy empene? 2
2 = Z [‘10(1?? ve(m1s o -yei® Lo
[a(I)]" [NDAI-NPV] YO(I) DEG

I=1 o I=1

where

0(I) is the standard deviation of the data point YO(I), approximated

as v YO(I) for the Polsson distribution.

Using this criterion for the goodness of fit, the computer=-calculated

errors are

RDAT

G(I) = 1 Eq. I11-¢8
"V Zczm

for the statistical error, and

TMP = G(I) * CHISQ Eq. I1-9

total error, where

¢> (D

TMP2 the variance of the fit which is an estimate of the wvariance

of the data:i:cz(l).

TMP includes a weighting factor for each data point which 1s the

weighted average of the individual variances,

1]

inverse of the variance GZ(I) describing the uncertainty of the data
point, normalized to the average of all the welghting factors. By

definition,

2
2  TMP
_ LI 11-10
X D) Eq.

and one may note that this value is not only a measure of goodness of fit
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but also of the spregd of the dataal. If the fitting functien 4s a good
representation of the data, xz values on the order of unity are to be
expected. Yowever, due to statistical considerations, xz values less than
a perfect fit (<1.0) are frequently obtained and do not indicate necessarily
an improvement in fit.

In order to estimate the confidence interval of the final parameter;

use is made of the error matrix. Computationally,
G(I) = SQRT(ABS(s™(I,T))) . Eq. TI-11

But the matrix element S-l(i,l) is equivalent to.the variance in the fitting
parameteraz, B(I), and the computer output of statistical error, G(I), is
merely the confidence interval of the parameter. However, the statistical
uncertainties quoted through the text are on the order of magnitude smaller
than the estimated instrumental uncertainties and, therefore, are not to be

considered the limiting cilrcumstances.

B. Program Execution

In order to be brief only the necessary command-response statements
will be included. All information regarding p%oper program loading and
data file labeling is assumed to be understood. The entire program is
not compiled into one execute program. Rather, it is segmented and must

be performed in four distinct operations:

Program Function Program Title
1) Data Transfer "OMPARE"'
2) Data Correction "FIx"
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3) Data Plot (corrected) "L.pp"

4) Deconvolution "CONFIT",

"OMPARE" Fxecution

Load main program and subroutines via magnetic tape.

C: "You have just entered the land of the omnipotent paper tape reader,
If you do not know your way around please set all sense switches to
the zero state.”

"Enter file name (A9)"
(Response)
C: "Load paper reader. Control P to start reading."
MPause PPPP37"
(Response = control P)

C: "This program takes paper tape output from a 1¥24 channel analyzer
(in particular the ND1@¢ and stuffs it into a 4096 area core and
from there to dectape. Core is separated into 4 1024 segments
which are divided into quadrants. To ignore further output of this
message set sense switch 1¢".

"What segment do you want”é
(Response)

C: "Quadrant = Starting channel =
"If you want to change quadrant or starting channel put in new values".
"zeroes = default".

(Response), one value to a line.
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o]
.

"Assuming "ALL" made uscd for analyzer output"
"Flick sense switch 1 for VI plot"

"Flick sense switch 2 for line printer output"
"Flick sense switch 3 for same file name more paper"

"Flick sense switch 4 for new file name more paper'.

"FIX" Execution

Load "FIX" via magnetic tape

C: "Type file name, ext'.
(Response)

o "Which spectrum (1-16), zero to quit"
(Response)

C: '"Number of channels to chop"
(Response)

Continue in this manner until all corrections are made in the file.
(Response) Type §

C: "Output file name, ext".
(Response)

Data is now corrected and stored on magnetic tape.

"LPP" Executilon

Load "LPP" via magnetic tape
C: "kukk 88 LPA"
(Response) Carriage return
C: "Type file name and ext (A2)"

(Response)
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C: "Type record number, default = 1"

{Response)

C: '"Minimum chsnnel number? default = 1"
(Response) -

C: ‘'Maximum channel number? default = 313p"
(Response)

C: '"Desired compression? default = 1"
(Response)

C: "Type full scale for graph default = 8
(Response)

C: "Type 2, 1, or @ for log, linear, or both"
(Response)

C: "Type file name and ext (A9)"

Continue in this format after plot 1s finished until all desired correction

plots are made.

"CONFIT" Execution

Load "CONFIT" main program and subprograms via magnetic tape.

C: Type NPAR, CR, NPRT, CR"

(Response)
1
C: "Type file name for instrument function"
(Response)
C: "Which spectrum of do you want? 1-16"
(Response)
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C:  "Type file name for data spectrum"

(Response)

C: "Which spectrum of do you want? 1-16"
(Response) |

C: "Initial parameters, one to a line"

(Response) value of parameter
C: "New controls"

"IFUN, ITMAX, NPV, IPAR(I), I = 1, NPV/One to a line"

(Responses)

IFUN = -1 = return to "initial parameters" step
IFUN = @ = return to beginning of "CONFIT"
IFUN = 1 = return to ''mew controls" step

Computgr will now perform calculations and will respond with
C: "Output file name, ext" |

Typing a file name will result in the transfer of the instrument function
data, fluorescence data and calculated data to magnetic tape. Otherwise,
program will return to point designated by the value of IFUN and waits for
further command. Immediately following the computer program is a samplel

output of final analysis.

264



(k]

€ tl M,
{£35114n0dT 1%
£ 5L oCy
fuag3innga 1)
f CcL 032

1 MEMISINAL

2 MSrHTSI 41

< w¥NE8T) 4

v IR & 3 B4

(183dyd TN FHPR T4 43N MO 4 [N
F1LESdYd FM0A FWTN ATIZ WS ¥ e
i lNdLnD #3inIrd ANTT =04 vl
F1L0%d dAa HOd4 1 WD a4

2

b]

2

v3

. sl B
i¥ms0d

§30v Ay

Ca¥2L9% 0L 1= 3441 *€15Ix3 170y
HE TSRO

HDTY AT

4 1)

IVweds

C2INs? (TN PYoem

Ci(BYY Jwryn 3974 o aln lra~ad
{11 13Linm

F=illieng

™ 11

-

—_ e
B
P
RN
€ow ki

1ei
.

- 3 1.1

CeILvig DH3IT -l 0L S3A31E%S Sow 1¢ 4w

74139 354704 ONNBEY ATM NAQA WMy faE 0 T ad

ZiB30TAN 27l q3dve an i

Arast 40 ONYT 3wl 03N 3INT LGOL Bavw 4

LR E R

ivpeltw 13

(22y)LvisI*{2InNA" (s522) 1 NISZEAI

cat

R

205



(2P 12anvT*{NI)44N2]1) (Coaxd3’/G=20NI TP 9*C) Gy Ty
Tewms2l

936 OL 09 (A3 yuJY ONY "9  aud 02 41

T = PITe{aaisrTlavuny

o {
gt
M N B L
La a(VRDIP0V[YLVIS]
2 oL 09 (t="2vy*wnl)4l
WHIAT (217330734
CISANTIVA 3N NG ¥ NTYSY 2910 21 T+ 244l o
A0S INYNATNYD ANV LMINDEF STsl () ivwaAnd
(2274733 Luu
E Ui 99 (l=®38"(Aenni’93giLvo310 4L
ST= Mr LS {~"7n"5i)sT
Sl=gvnzl et 4l
gl o2h e g eIy
C44Tnv230=2630132 *6aAnTTA M3~ AT il
ZIIENNEM] ANTLEVLIS MO INVHOVRG I5NVHD DL Ined p0A 2l oY i9wu4
(223732 21y
COI# = 13NNYHD INTLEVLIS (*X2AT92Tf, = nyules VIAYL =]
AHYEST fnynanl [/r it il
RS T
{allhym NQh 00 LN3We=8 iy L L TRNT
[ JLINw
{adl HILIME 33938 LIS ALr§is HL a8
Fa 40 LAdLINO ¥IHLANS FIuMaNOT 0L *siNveyvAT OLNT T2 a7
Fo 3EY KHIIW® SUINIWO3S pEGT ¢ Olwl OF1¥My«3e 51 2w22 30 0
Zt 0L 3HIHL WOHE ONY A202 NI vIHY 8647 ¥ OLST LI SALnpS ONY ) Z
A0 BdTON 9D e indlincd NI IHITATNY IZnuvHd L
F122Q1 v WOHS ANdING Ag¥i &3aTd SINTL Wuvand™l Siwj LT H
(2AT2T)30Tam (2Tt i) ST AT
Sl o I SRl T s T
T2330uw1 {(d¥yety N34T
Tez3auWl (iv"s W) 41
(pIfiifts Wi 4
LevlGI'CYNOLINuY {Tauy3 T=ingro 3734
. (31 EROE]
Fulil {leksy'iz0Ny’en fesy
(SR
(1INTOV3Y LbYiS N1 dv  "RICYIAM add¥d (ve” <44
[ Linv
RIETAN

94T HT/Ledunas v iw

AVLST"N T iYal Une0D

(RIINKILY (AT A4NaL {(»ip)iviSTI  (2INJ (S5erI LT, KGISNTATIN
(93ST)Mddvd Tuiifilasng

i1c

et

811

rul

[ ]
(5]
—

Tal

[ERSRE)

206



226 0L N (T*03%4u2I) 41

€26 LL 09 [Iv 5n"¥ud) 4T

MHITOT LD (R20amMmI Cessbalteplielny iy 12¢
KAAL AN
CegNXIw T3NN 0y 2%q
LIHM
11¢ 0f nS £
] 20e
WHIT?EI  f{C=xN3 c=( 4 nlg
a3
CaSTA0 9ILHYLS JdNxId 2074 L¥wald Tvul
- < 133Limm asat
3 01 02
. (t=gvnDI)sgte ¢ {Teu3gllepdal + LaviGIsiMels)]
GG OL 0% {Le 9N yaT) 4]
LHVIST T yM) (E36=HuI o8I Rl 9i0Y s e
NHOL3S [+
B4l DL 09 [(T=*an®*non3T141
Jlax
A2 (1) 24082 hd ol
Tefz?
Telsl
InnIiNNg Q2

(urt)d4n91=(rievel
Z2 01 09 [av r4®iNiIlwelav) 4l
cum»amnoqu.»u.ﬂ.:a.“.pJ.uuLH

g2 0L N9 {ni4T"i9tcy 48
Httawpl 2ecC 03 ap
T=z N3] -]
ey 04 U8
A RS AR RO -AER A DR LY ] &na
(N TanNT P {NEDASNET INTIWHOLY) (QEMsF R=0NTGRC D) IV 3Y z7e
. Tyl
126 01 09 (A°3IN*HW2T 0Ny 203 #u00 )41
I = a2Ta{aplsl} sNalf
ERES SRk 4%
((@T/7LuyLSIymat=iny Sl A3y -
LHvigisl
Luglse=r
. iNwiglsw=21
T+ =20537%
Lalnalen ot
VHIZAYNY E04 300W wSNOIOTH, H0 wSHIWNTA SNINASIY 4 )iv.aand 11t
SR SRS FOIE A -]
NEHALTY gt
206 0L 09 (Tef34TW0LE1) 41
e {NFI) 44021 z2os
Tei=zl
ferfzp
ANNI LN £2g
(WFI)ganSI=(rYLival
£Ag 0Ll 09 (06sv*yinctrt i b e 0 T
g1 0L 5y { IS SUI N I B
ul? rl 209 00 Az
Tezadn?l <
a2 0L 09 .
RS ES B LI 139

2107



aNg

HEN LY

(siv A8 Q3IMDTIID4 LON 1V 80 ONI ) lvwd0d4
[ouQfl)=iInn

NMAL TN

Imygfl) FLinvs

gog
§2¢

¢z

208



: 2N

Nafidd

s (ATTIT a)lvwand

(PiIaxd (MILvQal} (pA1f2)Ilinn

e2P1 + laf

p2at+(14935T) + 1=]

(py Gy’ 37I4 40 i fXQUY2TYy L0=W93STa)Llvanly
(ZINF{TIn44s35T (TA172)3Limv

125351 (g 3N 1341

(oljlvusny

HEE &R AR DL =

C13NTVA M3IN HILNT FONYHI 0L ¢ *BI%1 L84n953 1 11VsuD4
33T (1atf1)311ue

LYLST N4 LvOT nuowndld
(pip)LviST (23N (9RUPILYAI NOIGKIALY
{9381)20047T INILNOHENS

pal

gat

At

[ERSRE]

209



aNi

NMAL TN

JANTLNDD

npma.:.ﬂuhzn d 1)

(AT XI72Yyann=12l

(a* w\nmuowu»qnnonnquanuhau.uwm4<uw~xﬂumn.u
T + xI =x]

p2ATaltea78T) & I=P
2022t 2 01

2zx]

{(XYWAIYLIVOT4/*00¢ =37e2%

NI INDD

(AT xTaAl)aXvuaXyal]

2/0+IYivaY & 2/(1)1v01I=24]

PRI {{~27gT)e xle]

zleratdrexl 1 29

TzXvAAl

Te93ST (P*10°93S[ "4 2" 3IN*D381) 41

. tIn w3
129381 (p*31° 1 ans"a*19°1) 41

. (al)ivw=n4

I {za1t)073y

Ce3nIva M3N ¥ILINT 39NYHD 0L  *2I'1 4NF4g3S 1 )Avws0d
9387 (twl1*T)SLINN

LYLST NS fo2] N

(Pfe)LvlSI*{2INSY (9RPFIITI] KOTENTALID
{93S1)1LN0gA INTLDUyENS

Zat

Tat

Luu

210



QN3

NEOLIY

ANNILNDD

INNILNGD
T=xf{f?I)LIVLISI (2*an*wnsTI) L
(v} LYGY &« wnNSIzwngl
[(ri*vpi=v @ N2

Ppunel

£42 + ¥rI =rrt
9C2a(T=l) + p2AT2llel} # T =
rfi=f ¢ 0Q

viyal ¢ nQ

INNILNDD

(agfvlaprtiriloCty (F)avin

vo + £7=29]

T + gi=vry

pat1=l ¢ 02

HIR

(N27€) %3238 1vD

LYLSI W ddLieQl NOWANTD
(rPp)LviSI*C2INAY (4802 Le1T NOISNIHID
; €373y INILNINA0S

211



an3
NATILSN

(N44€)35972 Y12

FONIINAS

(AT vIef {rILvOI) (5} 3Liud

. Py + Ql=d]

1+ @lsev]

?9f1al I Q0

@=a]

(H4°EIHILNT 1)

LYLST NG LY0Y NOwWD]
(P?o)ivl8I?(2IN4“(960PIAPAI NDISNI~ID
CILTaM INILNOYHNG

i

212



fAEITT ulyg
(vEat TaI?{1)1v0s) {40107)
%
(21
(LYIVAD (pe=uuzios n221y079]
. {(31):%
(I)LYQL (e=ry¥3'r=,2403079)
€ 01 )1 fATtIatuu
= tlapapsode
T =

- F A

(T=GrNelYeciz +

T = JuYl§I=iwr19f

I (t=ya3fT=20n3231%0) 3van
(GI*4= LMY XPI*IT¢,
18vLS L v

(

JTHYLSI'OWAAT“NND (Tamxi‘l

SHILL [(tmwmm3’i

(i9NIQv3IS LuvLY 0L dv  “3d¥l =3

HIQ9IY ¥Adoa 552l ML erodNL

9
-

213

]

[CRSNWESES )



ani

Calx3 Y3uwN JAI2 02100 4) LY¥Wu04

CidOHDY 0L STINNYRD 40 N3ERTN ;) LveN04

(61} Lvuwdnd

{4LInD 0L OE3IZ Y{91=1) WNH13T45 S2ITHM,) Ll¥wudod

(4ONNDd 39 L0NNTYD oY iGSv Y anm 1) LlTwenid
(rr?Qy) iv<udd
(1lXF?IWVYNITT S Zdil ) Llvwaly
1 oL 09
(Lne=*$318073 v
ENNTAINTD
(Xrerer *CX3 1v31) (e)3:l
Fosfaxy
potnEce el W2 N0
(innfey ¥31nd TV
122 (LT*1) Gv3n
L9T71) 3ILINN
F UL 09
INNILNDD
Aa(XI)AvOLl (QPpE&®Ja"(XTI)LVDE) I
(ON*xI)21700=2(0X1)1Lv71

I+87 =2xI

A B B

aN=FCdz27)

024 {T=SNYER]

2 {p1t1javzs
[CRRRSEISELL]

92 aL 3D otpITEN} 4i

SN {p1'1)dvza

[(frt)3LIny

InnIiNgg

(xpr'ral .AH Ql) (e)Qvay
yoelsALl

po’ @rav.u r e aa
(3713784338 1v)

1 ol 09
FH4 LZTPT)ELINM

2 01l 09 (7="a3"4%) 41
{an* 21 4CTvlsd YD
ITACTTOT) I

R AR S IEE 810

(6w2Y1vdl NIw«02

(2)inod* (2137114 NOISNIRIQ
KId

at
<t
*1
¢t
21
Tt
[33]

12

)
™

-y

214



3 GRAPHING

£ PRINTE

*

L

Tam FLE

L

[

&
[

(&

)

GEN

w
-

LY

<k

e

te b1 FLC2) PN MR JFS, NG, TOR

Fa,maa,2f

Fl

]
-
-

AT 2N

PeETL2)

e

iV FILE)

-
edy FT

FRTITE(E,

~

At uzt (3. FI
At TELL, 23
(1,21

we

()

s

%
Sl

ALELSTS

I=4) JNEB).AND, {IDAT(1~2) ,NE,B))GCTOY

-
S

wD,{I.LE,37R20)) RQ TO
L AN, (IDAY

Lel

]

=xN, LS

1

4
L

S+=DFIT7VT

-

%)
by )

[t
e )
A



CaHLON KO *Wy3INIT 907 w4 4 M3 *1 02
(5I1%i=L0v 410 PdyYE a4 27vag 0
(1121107430 ENDTSRAINGWIT 1
(rI*;=Lnyd30 LMTnwN FANLTATY
(11=21In7 430

{al=19°¢23n nuusgz R
(i€ FdviI4q NO CHNNdG JON SYY% g "PV S’

(ils7) Lx3 % FuynN 7!

LrIHAN TV G

4

i

w
o A

4
3
L4

e e

5
-
¥

i3

»

AL e e e e A e e o A s e

~

B e i T e S e S

Eadii BT B 0 B+ B M VI )
G M g e O

NN

216



DR
Nylay
I INDD

SFLSI ten B} ! (AT Tau’g) 'l 2T (o723 310%4

A (ST Tan" A3 g (X T=wfR) e T

LR R EANA

LRGSR E TS B oy

a al
C iy

dri=

eatls

T+ ((S2MIriv0N4/{a%arTsTr
T+ (LI=489T) LV0 A/ AT (P V1 ~0n

(66R"+(x)

TR AL AES PN NG LFRE kN e R AT

[EARNEF Dbk

+2*N1TY %2300

AR
EL S MR AP IS PANTEES S S I LR GRS P

pleviget,

by

»

1=

fantifLre

[r) w323ind

Af=vraq

M J-u
ol & Al o
5 i
£ -1
PHRIGTIRII LT 1y
FIVPOT (e I3 TrRus
CotaTmIataT Al
TR R 0
I (Pl iad
Tttt 4l
Lo TRy meT) 4
Eoevpmpatig ©r gt
2 J¥lavtavy
= Yalalzdl
" rav2lysx
Trae=fey
Sy ARG PNT BT
[§ S itaip
rEl 4o
awn
sidetes BF Al T E
PlelvdryfeT e
PO 2 BT RIS B
(0*7)3Last
ERETED S ST
il D
H Lud
;4 B
" <14
s Ll
Pz tenr 1
Tag (3°% T3
A ST ¥
b TRt

¢ Bl e

217



dwlis{I)A

INNIANTD
CRELFACTICESS IS RS S )
Codmad=iftg

= (IXL08714 O
4732+ iaz {3

SIS EURNSIERS B e 8s

-h

el inyezses 341
PR YT
{
TR
Adnti=sill
{1
L¥onNttsl a1
FiniiNa
FnaliNg
*us{p’IVvY
Agntral i 0
“az{rie
Agndl=l 1z "2
fe2ireT g {e--217) 41
; AR AR AN & U M
PERAE I TU0 8 115 SR G SUT RN TR AR BN
R h SR Y
VRTTA 29702 (XvwlIert3iT041
(S"CT3al a BSIFI mafxoidieaNld
SSIMA(IN22Y I
AN LTS
[*T+(1)3A) fenareiatlisln 27=0

{3)2A=0 17

|
ET)adnity -
LraNit=T 02 @
e %)
LB 3
T+naLT I
(4491°ONATS T ILONINITHIL T V]
(CIsT apvA Q) Lowand
(AN ?leT¢frumc ) {g ) 1L
{ £%¢l2 “G1 38 Y Lvas=dg
SR PSS EARS SRR SRR RIS G
( HALAWYHTS IVILIND HOIXE//7) 00w
(QfLy FLTNA
Xy<Iad=0[43
R D |
(3348 S3AD HATYLewsd
(f *03ALinm
uBfgio [mavy ot
AgN=1l%" 3 13
11t
3
1
({TYAwwnNG? (1) 40 5 El
(CLASFYTL T AL RNE Te0 GV Lo FR A PRS2 DD
LHdN 830N 'NNST FNTWLT YASN TavaN iy e |
(EILNOL  TI23IA0T4 7 (2Iviva-Y (2ISNT (615 (6 8 v i0)d w05 TI<T1
(S)HVSI ‘(SR (962 LvLT*(562) 04" (962224 (8S4)J0A  NUITN3WIQ

0l

Zat
IFt

|4
ALz

W

o £

o3
-

ez

2

Lalis

2158



ouy3

aviol

Iallx
1vanN’lel £12 NQ
(Q9MIVARI 'XEL1d HE'XQU'VIVAKP XTI T/Xul’pl)Lvudnd 112
(T122)321%» 10p
. Tenfedn pop{inan) 4l
{TCONDIISSCITIAILNNINGEIS 23WIL T3%ev] $)ivwuly arar
ONTAST*3LANI(TaTp 2) T2l ny
T24401
INNILIWNTY 2207
dIICXr I pvwyd Cugl
uamunﬂ.muthnms
m_-
uh

(fg*siz

d130 AL (TH+]

(24110 (1]
{(1}0a(Z2+1)9+(2+1)0a (120

TdE =24l
1a8=4110
frtepce® =148
ProavANty=] oyl 01
(QvIMy HO)LT4434 POt
(vlal*2)Iilum
FA41INAD aret
FEfIfxallivayrd €127
AN ATAREAIETRAT]
NGIMIe ([0
LTI £ LR S Fe!
ANNTINTD aeot
(LI EY¥sigaydlanrsa{rln
(Idu¥ai=l
. Adnty=l weal g
INniinDd 220t
BAESS S ]
K¥NY2D arul aa
(OSINT)LunS=031H4]
(nl
HONEI LYLSHEGZXG'INIVAMG XAT Surard TYNT 4 :n IdLsada4 1127
{IITT72) 380N
(g"¢13d41= 930/551H7 rtn x JLrauq 218%
DEINI(ZINTIEY S LI N
= QIS/BSIRI=us T 2T2T
{LIXT »0 HE)LTv14 a2
(Ia7172) 36 u2py
el 91 39
{100 KALT vcuw4:13¢ 10
(1T @Y aLivy
.“ Jlr a9
INNIINDIDY e
(Ilaslr)a=z=()a
(I)n7alr?
AdNTTED HE9 A0 2adg
ACT’AREYAuEY (93078 ) 41
ANILlvw D3¢0

((g*S13ai
u:h.nwvunum

nh:_.a-
Frr
.

dWlda(I1)a=+!

>az. :
drldsda+ (P} {19
L1+ (1)) /(M) d=zdnid
Adntr=rr 121 20
dal=(1)2hzadl

219



N3

platezdz (1-H3L1) 41

(H27INONIS HED LY wNa

(SIS AFAEISE L]

€1 U1 09

Xn)Tes3Ll

IANTENDD

(1)9=({)aa(f)A

{I)Mvdlar

AdntIeI 121 30

{dn Jua ws)Lvaynd

[In21f23ilax

z ul N9
{py’Cylivmald
ColxTPANoNINTA LNGIND () Lywnnd
’ (1N04*9333073 1iv)
E IANI LN
Cxrefal f(IX2ACLTIALCTI)0AY (E)FLINN
G+l=xl

2 ¢l og (-

EFSE L
X122 iowntd
ERLES Tt ]
10541 Rag'Z) 2L 1N
pHT2 (L1074
alfgs (I)0A=(
anlz(FrrL0
alae{i)2asl
XMz 1020004
9Igs ({I)1v0 3 {2)g+(1)A)ar
Innilan
Hi=(f) 1214
131410 weds N1
Lednf1=T cldda M
AIR/TERL=DTY
2NN LT
(I)oazaln
PA18°eATs AT ((1)2a=910) 41
(ilna=ala
2216402162318 ((T)nA=a]a3 41
Lean*iel onis 19
v Reenlg
(/7 oratiullivn=4
YuenI (Aer T2 3 14
Jivwadd

{
(ivizi*y M2

(LS 6T1Talldl) s
TIGACEIDATITOA IT2(ST2125L1
{I)LvnTd4+e2)e+ (1) 5=1034
(1)342T104
(I)Da=1104A

tact
[aal 2§

2121

tezt
gezt

Fx4
1z

ez

2342
anag

anss

RS
2F1S
?TTE
BN

220



/

N3
NMT LN
AINNIANGD
CAANT T2/ LI mydI) FAdN XY uLIfNNAT(ERZT 1) AV IY
{ ANIT ¥V AL 3IND MET I
AN 12T/ (1) vl AN XV WLI‘NN4T HPE/ STIOMINGT ¥3N ME1)ivwkdy
(2etpI33LIMM
(uvaN* 2T/ (1) (o2 1)y ay
(INIT VvV DL AND *SHILINTNVdD WIVLLINDT S0 ivi®ng
A R R £ |
ARG OL N2 Lhdnd 4]
gris 1iv3]
(plllvwnng
(2474 LveuT4
(pialva-Cy
AudNtMydn (BeZ2 0003y
G H] TLlEdN NI fuvdN Fail o Yivwmid
{1e1 79 3Live
WARURT s (MN41) 41
(AGT)AWKNA Y LYQT 04420 0A val*a’9¢d L 4u0T
L¥ANSIOININAZLI XVHLT "AGN I HT AN LO0N NOunD]
[gyasr(srq)v (32 TeNsatl
(C)uvdI*(SIA (0C2)LPOTI " LOGZI 4" (E52)0AY (882104 NOISNZININ
viwd 3INILNODHANG

d N

221



Ci9l=T  LINYM NOA OQ 4 fp¥’Cy?, 40 wWARLII4S HITH® ) LVWEOA
C1ONNDS LON SYM *ov’Qy’s 2114 4} LYWNCS

) {2y /Co)Lvmnndg

CINQILAINNS AINIWNMLENI HOJ FIWYNINTS 3dAL 1) Lvasnd

AT LYIN

WAl

onw."

(1304 +unSUsy:
CCIXIvGIILAv01e=(T1)
3cz*i=1 aﬂ o

oy

N

ansy )
FMTLNS
(xT *Imo P(M2ivol) {v)ovw
£QeI=X
PatQE2Y 2l 8 M)
an*i=r § 0g
(vi:G47€)%3T8 v
ARV AFSEIEL]
“N ﬁvm.ﬂuaquw

yivdid (F21)3LE
s o4 uu
givQ4 (227133114~
- 4 Q4 23 {i="n3sN2 4l
(4N/wieQs"C2Lvis4 v
PivQ4{92%2333LIxA
TLVOS (1291)0wdy
(G213 114
I5A4+unSe 405
(CIYLwaT)Lyn4 =(1)04
L §62*i=l § 02
et owans
AINNTLINDD
. INNI LN
(XI’Ian*{N)L¥QII(C)uvay

[ER R

ge+I=x]
LA ‘IrI € 04
.“ ror 03

g 'eI¥33§ 17wy
(9IX9*) WNH1234

Smia (22

2 01 95z {1=°"
[4NPsNT o) Llrl 4
( »viSy X0V’ 2704 ,xpc
Swidezre Lk
aNtd {12%1) Jvis
(@241) Jilew
(BGTIYAUWNO Y LYRI CAt DA DA NYII 0D d NilkA0T)
LUGNCADIN NS XYWiT AdN urdN LY IN NOwATD
(2)91v04* (2ISNIAY LI (G Q) v {C)d NNISNIAIA
(SYMydI*{c)a* (92 Lv0I*(ug2)I047 (QGC2IDAT(GSLI0A  NAISHINIG
UY3Y O INILNONYNS

L
z2
12
aZ

13

a1

o 0

L2

92

22%



avs

N¥NiTY

{1HNN133dS ¥iv0 MO4 FW¥YNIILS IdAL 1) Llvau0ag
(SI)LIVvsNCd

54
vz



(TP NIXAONTswOup
GRO'SEL'RRO ((2'NIXACHIS{T NI XIAONTY AT
Is«l+raneT
AN {al 217 4G
SONTINDD
INnIing)
INT L]
w(T3)0={11"
HEMN Y= {17 Ny
AdwiT=T @gr 20
m.s-h134ﬁuH~“J,<
cxN0ar’ ﬂ.: &
. RAPTECES UMY (WO I~ “LM
Aol ‘T=217 una 24
i CIVLDATH/ (7103 3 0= (W12
CIVINDATAZ (' RNIDD T g {0 w0200 Y
Aanfled vIp Ao
veliwsTanleen 1y
(W02 w12 ) e (] :»ﬂa
WA= ﬂm.puaugﬁy
A05T1= (51 R30NT
g w021
FA3T¥IA (wdHTYa
(#0y1)=2cyxn
dy=S= (VWD LIy
(SR v B SN ER IS SN ]
{1 M0NI)va4y ¥g
AaNATaT 202 00
[T T 1 A T ﬂxJJmuwstJﬂumu
ﬂonL:JuuHuwo> dI2{ GM05I)LIALAY
u“..un.nh (Ine T4
INNIENTD
FNIisnl
FN] END]
SNNILNGD
(%0 venydy
et
r=vast
T+INVI=2Z ]
E6'A6°re (((M'FIVISavel{ryurlar) 41
. NaTLN
2SN
1£4°66°28 {t={x3L0A121])41
A4NITEY faT 0
AR*9AT*A% Li=(r)i0ATdl
Acen*1=0 g1 70

»-ﬁ::J,u_
10071 6n703TY -

.

.

-
i

-

nnJ

CavMS? ) P xvuv) ? (WdNICIC w021 P {MOUPNMT
(B Y AWKAQ T/ IVCT 04 4 0A Vel
LHANIG AN NN AT XYWLT P AN NT st LY O zuxzeu
(8 LOATL* (2 ') XIONI (H)LCATLTI*(GYI(5G) 71 [G3g NOITHIANI

(ClHvdI’(S) R {QGE) LvAI*LOCEI0A*(9GZI A [N52) A 73Hm;u1Ha
Amliew AINILINQWgns

gca

RS
I8¢
Lge

ney

ace

3

"

Gl
gel

S0 4
66

re
g

224



aN3
NELIY
IANILINAD

INNIINGD
FNNILINGD
47%8=s (WN030 WYY
A0 wIws (eONTi W)Y
(MOl *¥]vadyvs
Adn?Tsd S/ 20
(2308 8w I03F

a1y
gad
1.3



MLE]

N¥ALIN

INNILNGD
J#(I=)dX3a (M) QA+ (NI DR=(N] DA
Laliyu=HIT) LvD42]

S 0L 09 (@*RTn3*(v)03) 41
WIT*iay 6 CQ

{i=)dx3=0"1=2)

NET o
(1yeseat=y

veie (N} DA

(2SI AWWNA 'Y LYOT 04 3A0AHYAI*R?*S7d NDW(D
LHAN'SI0IN NN AT XYW LTI P AdN Y HYEN LYIN NOWWG]
(G}9*(5°CIv’{Gid NIIENTATIO
(EIuvdI*{e)a’(a62)ivaI’ (96204 (962 2A(SG2I0A NOISNINIA
(N) LONDY INDLNGuSNS

226



S
NIEEYQdAR

at
HIBK3SYIE

Be+32ZCLi9%¢C
de+3252/49°¢
42+3IZ25L79"%¢
de+IZCr 9 ¢
d¢+A2CL QR
Ee+32C440°%8
AreS28e23°¢C
dg+3eq (8"
PR R AF L A
dU+REGL 298
AU+ILGr L9 E
PV EA A

PUR R A A

ux*um L4908
d2+32G4£0°%¢
dP+32G 090
msommnhhc.n
[T AP RS
Lq&dnnm R
Ln+A26449°2
dQ+320s 4008
aq.uunhno.n
CEETA Y SR
as+.nnhm¢ £
ddrdEs G0
PR A L R
dPe32C209°¢
Be+I2C243°¢C
detIEGr 578
SrITL LG
AreT2ls/ut R
mw§uanu¢.n
QpeT20048%8
de+I2T 205" %
Je+320LL6"8
AP+32G52/49°%
Sre3ECLLB K
Ar+eIZC LY E
q9%3v4

gi=3/4253"6
Ho¥x3 Tvi0l

WAHLTZI4S
3114
HNHL3348
I 4

Tp+3BLTRIGT T
ta+3q5qe2°2
Tu+366640%2
To+3i g2 ¢
fa+lsenugre
1eeICRZE9 Y
TrelGLras g
Tie+t3INsenstg
lepeddbeqs® e
ide3pplcpts
Zas3liiue*t

Ze*3Zyaretl
ZUredrrage ]
Ve AL T it
AoeaAn s Ti5"T
Zredvpugine
ehrdrelar 2
rAa+3lavygree

ev+3lnialte
Zusdayipe e
2ahe3
ZA4EGORRA"Q
FEARET T EA v 4
RS
Zueediy "
Zurilggot®g
Er*t 390008
2a+35¢vEp S
Aasdigrortg
cuvrdnlingtg
ZeeETentsty
TResZogEtp
ZavE2ipete
Za+dlegeste
ZisdoReprt2
Zp+auieey
Te+3500109" 8
TE+3563ase
Ta+38£6648°1
Aa+3i2eee’e
114

TU+3£Q6516"%1 T2+3247720 "y
Ta+302905"1 T3 dadR"g
IRe340627" Tasgagasgeg
Teealvdey® To+3ngansQ

Tdedgalest
Teesy sl
TAas3p820 L
Te31R2y
TU+a5 2o
Tde3gpel

N,.._.Qu:.-n.mn
e S
2aries

¥
x
-

T Y
.

Y

AR e B e
gusdstly
ARV
Zavdc oy
Zedueet
Zedpangp”
A+t
e
g+t
gd*aciy
[

L S
RTINS B

AN T
0.

L I A
.

.

gaA+vsp 2
ereilir
ZaAvIp
Za+dy
ZAt 30
T4y
2R F
T+
ol I T
e 3o

AN Fa X

.

L4

vivoe

SONDD2YEE Zinw

ZP=3G1¢ve e
¥LH¥3 LViS

(SRR A= A A

ZRaedtersal®y
FA R DA S|

BELE-Ra

LEFEFLY

TosFrnaate

z
Z
£
™ Tusgearngee
< [ R Ry
i Tosqraapte
[ Tie graeazog
B I0eJacadnteg
1 TA2+23Rra32%¢
[ Ifelnasns=z
It Tisegraviratz
H T e
z 1.0+ MR
3 Taoe "2
g e o
2 1c+ e
2 12s g
£ 1C+ b=
€ Tae ‘2
& 1ite M
[ Tas "1
3 1043 1
¥ T2+3. i
v Tew 1
b Teed I
G 1043 3
g Tite 3 {
(-4 3 T
a 1
v 5
L 2
€ £
z Q
H ERE N ¥
4 SRR I R L4
€ LR B ate
1 B+ 4453392
5] Blegrrranl
X
Iwt 13470 J354¥M3
SYInY
¢ s

SaTevd YNNI 4

T w» S38/m61u2
int HILI
s 0RIw3d
2 O%Iul
T ABWA
o 1
vd IvIlInt

227



B0e2GL29°¢
N+2254£9°¢C
dP+TECLL9°E
A¢+326L49°C
£2+20 v
dL+32CLLIE
QU+T20L49"8
PreI20¢w"T
2254040
die+Es L3¢
derTEa L0
LT P WA
ABrILCL IR
HerIZTLL8°8
du+3A2CiL3%E
2e29264¢3°¢
Eite32GrL97F
Ar+325L/5 %
AR+IESLLG
eeEALGLLGTE
Ve+ALGLLAC
AVEN2G LR
QB+AESLLIE
BO+AZGLL9C
SREREGL LG T
deeF26LL9%C
A+ ILGLLG0E
AF+3CGLLGE
d@+UeG/Late
U eI2G6487Q
CIR P AT RN
dp+320L49°E
dP+3I25220°¢
A0 +325LL9%F
an+I2CL LY E
3e+328L48°¢
due3gsilate
AV +IEGL L9 E
Ae+3ATLLL9E
BReIlCLrint e
dov22c249%T
Be+32GL49°%
AL rIACCLLG S
dU+3E6LL9E
An+3ZG L4
Aus3ECrLsT
Je+32344978
aredZC L9
A+ AEGLLT"
AReRLGLLG"E
2ir+ALGLL9%C
FEEEFAF I AR
CE+ITGLAG°E
We+TACLLGVE
AveIeGLLate
dr+32GrL9*®
AL Linte
UP+32GLL9° 8

cp=3/70¢z21%R
TA=32Z954" 1
rRaIdpESTT Y
ra=3692e9° T
r=32031Ir*2
pa-31agul"g
PU=32624%1°%y
[ EETERIS 2l
pa=380FGT" 2
LR PR LT v
DT R A
fR=aug/ia" Y
fa~gjunseste
fA=Ti5Cust2
fw-3C5960°¢
Fa=3,186¢"Y
Ta=Zyrabpnztg
CumdnTLizts
[AR T TR i
gr=alirevr®y
LR AR LT R
Zu=3sivgrte
fo=387412°¢
Z=AT6GE2°Y
Za=35pGvG*g
2u=IT A L2 L
CA=IUPPUT*6
fu~0urgeTl
Tu=492a35vra*1
T4=391a91%2
Td=3gicen®2
Ze=4Tadees
2e=3A6A328" 4
Ta=3yi28°Y
Td=237iepg"1
I2a=3iveast1
Ig=3c0zEete
fn=Fruooepad*
la=34pedr’y
Te-uvys6ee
1A=36864L"2
la=34£189%¢
Ta=42d9e3* Yy
Tu=328L0¢"9
1a=32K9s2"%9
BN R e TV
WA+anagit®y
EREFTT-E 1Rk
MO+ 425000% 1
A+ iielteg
Av+39¢39¢4"2
A+ AR 447970

Aus ety

AU+ IGEPPRYG
PR R YA R
AaeHPulprts
Tueasage?"t
Tog+3GR160"°1

1g=327200%R
TA=3uatn0"in
Ta=32dd02
fa=322¢%4
Ta=2Rana

A2
FETaadND
Foamqodasty
1R300
1o=3uaaove
=3 s e
Tas3adane
TU=3pdnate
1A=t

Tejed
Ta=3Cd0ean”
1=l i

Tal=adanes®

Ta=3eday
Ta=azite

Q
Q
a
b
2
4]
fi|
2
14
¢
'S
[
9
9
1
3
- g
Tr=3zi90x"g
1
2
5]
g
i
rid
¢
g
<
2
v
[
El
9
s
g
t
1

e

Waeaiatg
PlasTEGLN"
ﬂSIMJ. LI
T=32a383"
varaneiiy

AR R 4 I
w3t

PiAeRLzEr
[AE O B W
e+g3iuag
pesgivel
aasql Az
BRreQe T
(RS -t
PPrIyy saC
Taedpuads

deaAgezl
TRy 186
fesuencr”

-
i
ne
8

X
. .

e
.

0 v
.

te«3ndrre“s
tae3aasng®s
TG+ duntnaone
Te+d23478%8
Tee3uarie's
Ta322220"8
1343312324
PeAnlA1"R
FArala e
Toe 3 aaag”
Taedpnanat
Tesedrgang®
Toe3saing
PR Tl
EPER Rk

Jrarapt

LU TR PR R GO AR ]

.

13+ 4202210 "
T+ 3rasrng”
10e 3220,
AP LY
Tueqs

-
L]
[

.

.

io+3r
13+ 3
1032
ta+30
Jusddar
SDrdatal
TV+3agan
Tes3ian
Tote 4t
TCsdr
Toeas
Tyt d™
Teesn
Tats g4

W
RCA B Y = L &
« & s ou e

w s (W
-

Tasdy e
Tesdraengs
Tus3rsap?

.

Tardaazty
Tes3rar™g
Tas305208
Tasgargrar
Tuejanrc
1C+300 002
ILENTEER RS

« s b ou .
TN TA9 T NOLHONOODDDD 000000000 ONMENEAEMRMERNRNNSD DD

-
<

228



€3

cam

tw

*
=l
=
€ 4 € €& 4 £ 4 ¢ 4 @ £ € ¢ € 4 4 44 < <& € 4« 4 < a9«

Eah I I B S0 I R A S A oI B B T OO - TS IR R B B S R
B e R I B A B T IR O B VI G VIRV RV oY

229

€« 4 ¢ 4 & € @

L]
o O

e
"

S

g
»

4 4 « ¢ &« € £ L&

A, At ) P Y R O

BRI S B

R e B )

La
T

-~y

¥

£

Aw

"

2
4 4 4 4 = « € 4 ¢«

R R B T B e ¢
R A I s SR e S B ]



APPERDIY TII

21309



EQUIPMENT AND SPECITICATIONS

Optical

%y Molectron Model UV1000 Pulsed Nitrogem Laser.

2. Molectron DL-200 Tunable Dye Laser.

3. Coherent Radiation Model 52 Argon Ion Laser.

4, Jobin-Yvon Model ﬁ—20 concave holographic grating monochromator.
Aperture: f£/3.5
Accuracy: * .2 mnm
Resolution: 2 nm.

5. Pellin-Broca prism; quartz
Brewster Angle: .54 microns

6. Leitz Ortholux Miecreoscope

Accessories:
a. Trinocular Head
b. Dry darkfield conde;ser (transmitted light).
D0.80 - 0.95.

c. Ploem fluorescence vertical i1lluminator

d. 150 W xenon lamp (X130)

e. 10X N.A, = 0.25 objective 170/-
22X N.A, = objective ks De2
25X N.A. = 0.50 objective 170/0.17
40X N.A., = 0.65 objective 170/0.17

f. Dry/oil brightfield condenser.
7 EMI 95025 13-stage photomultiplier tube

Anode pulse FWHM: 15 nsec.

Transit time: 55 néec.

Anode pulse rise time: 10 nsec.

2131



Quantum efiiciency: 8% @ .520 wmicrons

Electronics

Ortec 454 Timing filter amplifier, rise time < 4.5 nsec, nonlinearity

o8

< 1%
EG & G/Ortec T105/N dual discriﬁinator. Voltage instability of pulse
width < 60 psec. Maximum timing deviation < 0.8 nsec.

Ortec 467 time-to-pulse-height converter. Time resolution < 10 psec
FWVHM on 100 nsec range.

Keithley 417 high speed picoamneter w/417b input head.

quke Medel 413C H.V.D.C. power supply.

Hewlett~Packard photodiode.
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ABSTRACT

An experimental apparatus sultable for measuring decay lifetimes om
the order of nanoseconds has been constructed with the primary intention
of observing the different states of interaction which occur between
fluorescent fluorescein molecules interlor and exterior to the cell. In
order to provide possible correlation with work performed by other re-

searchers, samples of Saccharomyces cerevisiae, using two different strains,

were used. Sample preparation could not be effectively carried through
using methods previously used. Therefore, a detailed procedure is described
which allowed the author to effectively produce satisfactory samples.
Emphasis has been placed on the instrumentation needed to measure and
remove instrumental effects from these variations. In particular, in-
strumental reproducibility is of prime:consideration and reasonable estlmates
~of uncertainties are given, inéluding the effect of these_uncertainties on
all data used in the analysis. Examination of this effect shows that the
instrumental precision is such th;t significant preliminary results couid
be obtained. These preliminary results suggest that the dominant mechanism
involved is concentration lifetime quenching. This phenomena gives rise to
intracellular and exterlor decay lifetimes whiéh differ by amounts adequate
to account for fluorescence emission polarization characteristics previously

attributed to changes in the "structuredness of the cytoplasmic matrix".



