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ABSTRACT

Two-photon fluorescence microscopy is an imaging technique which delivers distinct
benefits for in vivo cellular and molecular imaging. Cyclic adenosine monophosphate (CAMP), a
second messenger molecule, is responsible for triggering many physiological changes in neural
system. However, the mechanism by which this molecule regulates responses in neuron cells is
not yet clearly understood. When cAMP binds to a target protein, it changes the structure of that
protein. Therefore, studying this molecular structure change with fluorescence resonance energy
transfer (FRET) imaging can shed light on the cAMP functioning mechanism. FRET is a non-
radiative dipole-dipole coupling which is sensitive to small distance change in nanometer scale. In
this study we have investigated the effect of dopamine in cCAMP dynamics in vivo. In our study
two-photon fluorescence microscope was used for imaging mushroom bodies inside live
Drosophila melanogaster brain and we developed a method for studying the change in cyclic AMP

level.

Vi
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CHAPTER 1: TWO-PHOTON MICROSCOPY

11 INTRODUCTION

In the last two decades several laser-scanning microscopy techniques have been developed
centered on the non-linear optical phenomena and that led to a variety of powerful imaging tools.
Two-Photon Microscopy, Coherent anti-Stokes Raman Scattering and Second Harmonic
Generation Microscopy are among those imaging tools and has an intense impact in the field of
biological imaging due to their novel techniques over conventional microscopy. Two-photon
microscopy is the current chosen technique for live cell imaging for extended time period and to
image deep within the tissues due to its noninvasive investigation in three dimension with sub-
micrometer resolution, increased penetration depth and efficient light detection. Two photon

excitation of fluorophores results from the simultaneous absorption of two photon [1]

Two-photon microscopy is a non-linear optical process for fluorescence imaging technique
in which fluorescent molecules are stimulated by the simultaneous absorption two photons. In two-
photon microscopy fluorescent tag within a sample is excited by a laser and the emitted light is
measured by detectors. Unlike the single-photon excitation, the lasers used in two-photon
microscopy excite by using two long wavelength photons which are less damaging and can
penetrate deep within the tissues. In addition the excitation is only achieved near the focal plane
where the laser light is most intense due to the near simultaneous absorption of two photons. The
focused excitation results sharper image and little tissue damage to the regions above and below

the focal plane.



1.2 HISTORY OF TWO-PHOTON MICROSCOPY

In 1873 a theoretical analysis done by Ernst Abbe suggested that diffraction of the
illuminating light limits the optical microscopic resolution [2]. This study led people like August
Koéhler to develop the first ultraviolet absorption microscope in 1904. During his study Kohler
observed that the barium platinum cyanide crystal fluorescing in the visible spectrum indicating a
longer wavelength than the ultraviolet light [3]. This study motivated scientists to develop the first

fluorescence microscope.

In 1931 Maria GOppert-Mayer first described the concept of multiphoton excitation in her
doctoral dissertation based on the hypothesis of two-photon quantum transition in particle [4].
After the invention of laser in 1960, In 1961 Peter Franken who is consider as the father of non-
linear optics along with his group focused a high powered ruby laser onto a quartz crystal to
demonstrate the second harmonic generation of light [5]. They demonstrated that the ruby laser
light with wavelength A, propagating through quartz will produce light of wavelength A/2 due to
the process of second harmonic generation. Then, in 1963, W. Kaiser and Charles Geoffrey Blythe
Garrett demonstrated their observation of two-photon excitation (TPE) in a CaF2:Eu?* crystal and
first to publish results of TPE [6]. They also found out that the fluorescence of natural colors can
also be excited by TPE. Since then nonlinear optics moved from a laboratory curiosity to a tool
important for spectroscopy, metrology and biomedical applications. After almost three decades the
Goppert-Mayer's hypothesis was at last affirmed. Three-photon excitation spectroscopy has

likewise been depicted by the correlation with the two-photon forms [7].



1.3 THEORY OF TWO-PHOTON ABSORPTION

In single photon absorption and two photon absorption the results in a blue and red shift
from the incident light to the emitted light. In case of single photon absorption the reason behind
the result is due to the energy of the incident excitation light is equal to the energy gap between a

fluorescent molecule ground state and an excited vibronic state,

hc (1.1)

The molecule undergoes a non-radiative transition to a lower vibronic state before decaying
back to the ground state with the emission of fluorescent light. This interaction is depicted in Figure

(1.2).

e

Figure 1.1 - One-Photon Excitation.
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In case of two-photon absorption, two distinct photons excite a fluorescent molecule to an
excited vibronic state. Here, energy of the incident excitation light is half the energy gap between

a fluorescent molecule ground state and an excited vibronic state,

hc (1.2)

The molecule undergoes the same type of non-radiative decay like single photon after it’s

been excited with two photons. This interaction is depicted in Figure (1.2).

A

N e

hT
\ 4

Figure 1.2 - Two-Photon Excitation.

So

Perturbation theory is a powerful tool to model the interaction between light and atom when

the interaction is not strong. According to the approach, the Hamiltonian can be expressed as,



H=H, + V(). (1.3)

Where H, is the unperturbed time independent Hamiltonian and the time dependent

interaction energy is V(t).

The time dependent interaction energy can be written as

V() = —pE(@®), (1.4)

Here the dipole moment of the molecule is expressed as j = —e#. The field is considered a

monochromatic wave of the form

E(t) = Ee™@t + Erelot, (1.5)

Assuming the energy eigenstates of the unperturbed system w, (#) are known and they

satisfy the eigenvalue equation. Therefore the associated wave function may be represented by,

U (7, 1) = up (Fe~ont, (1.6)
En
Here, w, = =—~.
Also the eigenvalue equation
H\Oun(?) = Enun(?) (1.7)



The problem appears to solve the time-dependent Schrddinger equation with the time-

dependent interaction potential ¥ (t)

. all)(r t)
=3

= (A +7®) v 0.

(1.8)

Given that they form a complete set, the complete solution can be expressed as a linear

combination of the eigenstates with time dependent probability densities a; (t)

1!}(7_‘), t) = z ak(t)uk (17‘)) e_iwkt,

k

Substituting this solution into the time-dependent Schrodinger equation Eq. (1.8),

lhz K (e~ okt + lhz a, (6) (—iwy)uy, (Fe twrt

k

Using E;, = hwy, this expression can be simplified as

d )
ih z L uy (F)etwnt +WA

*

*

- Z e (0 E ity (F)e 10kt + Z () (P et
k

:W* ort 1Y g, (£) Ty, (F)e 1@kt
Z k k

(1.9)

(1.10)



This can be written as

. da - i 5y - —7
thkd_tkuk(r)e tont = 3 ar (H)Vuy (P e @kt

Using the orthonormality condition of eigenstates u, (), the problem can be further

simplified to

f U (P DV APT = Sy

ihz % [ f i () e (P)Pr | e = Z a(® | f 1 () Dy () 27| e=iont

da .
iR = " @y (£) Ve ™ @ 0m)"
k

dam — lz a (t) V. eiwmkt (1 11)
dt —ihL feAJ Tk -

where Vi = [ up, (F)Vu (#)d3r are the matrix elements of the interaction potential ¥(t) and

Wk = Wiy — Wg-

To solve the Eg. (1.11) we have to consider perturbation techniques. The probability
densities a,, (t) can be expanded in powers of an expansion parameter and the exponents represent
the perturbation order which is the accepted number of photons. Let us consider A as an expansion

parameter. Then,



am () = an O @) + 2a, P (@) + 2a, D) + -,

(1.12)

Here, N = 2 corresponds to two-photon absorption therefore a;,® (t) will be of most important.

Replacing V,,,; with AV,,;, and substituting (1.12) into (1.11) yields

da,,©(t da,, D(t da, @ (t
"0 dan®© |, da®©
dt dt dt

. .
= Ez(ak(()) (t) + Aak(l) (1) + /1261]((2) (t) + - )/H/mkelwmkt‘
k

And for the Nth term,

da, ™M (t) 1

i EZR: ar N (£) Ve Omit,

Assuming that in the absence of an applied field, the atom is in the ground state

ag@ () = 1, a@@t)=0 for k=+g,

It follows that for N =1

dak(l) (t) 1 . 1 ,
— o = 0 O OVnge!mat = 2 getomst,

(1.13)

(1.14)

(1.15)



Now, V,,, can be represented as

Ving = —Hmg(Ee ™t + E*el@t), (1.16)

Then Eq. (1.15) becomes,

da, M)
dt

“Hmg —i i i
. Ee lwt + E*elwt el(umgt
7 ( )

dam(l) (t) — ~Hmg
dt th

(Eei(wmg—w)t + E*ei(wmg+w)t)’

Integrating, we are able to get the representation of a one-photon absorption process,

_ t
an () = —Mmgj (Ee'(@mg=)t 4 grel(@mgt@)t)qy,
ih ),

*

(wmg—w)t _ 'ung i(wmgtw)t _
[eH@mg 1] + "(omg - 0) [et(@mg 1]. @17

HmgE

(€8] —__"mg-
an(0) = s

It can be estimated through restricting the driving frequency w to be very close to the

transition frequency w4, then only the first term dominates and we have

an®P(t) = M [ei(wmg—w)t _ 1]_ (1.18)

h(“)mg - “))

Setting N = 2 we are able to get the two-photon absorption term,



da,@(t) (1.19)
__*t ~7 (1) lwpmt
dt Lhz OVnme
Substituting both Egs. (1.18) and (1.16) into Eq. (1.19),
(1.20)

©))
da, (t) z{ .umg l(wmg—w)t _ 1]}(Ee—iwt
h(wmg —
+ E*elwt)ﬂnmEe iwnmt'

We can omit the E* term since we have considered the driving frequency to be very close

to the transition frequency,

dan(z) (t) _1 HmgHnmE

i(wm —w)t —1lE i(wpm—w)t
dt h(wmg (‘))[ ' |Ee

l(wmg+wnm—2w)t _ ei(wnm—w)t]

da (2)(t) z E? .umg.unm
~ ih?

(“)mg - “)

da, () Z E? umgunm oilng2)e _ gilonm-o)t] (1.21)
dt lhz (a)mg — a)

In Eq. (1.22) only the first exponent term represent two-photon absorption therefore we

may dropped the second exponent term,

10



da,?(8) _ ZE umgﬂnm pi(wng—20)t
dt  ih? L (wp, — o) '

Now by integrating,

E?
a, P (t) = lhzz (wﬂmg#nm l(‘”"g‘z‘“)tdt
mg

a,@(t) = iz E* ftmgbnm elleng=20)t _ q (1.22)
" h? poey (0mg —w)| (wng — 20)

Here a,@(t) is called the probability amplitude for two-photon absorption. Let us
consider p,,(t)® is the probability for an atom in n state and time t. We know that the probability

of two-photon absorption is the square of the probability amplitude a,,® (¢),

2 (1.23)

ei(wng—Zw)t -1

@) () — @)% =
P (6) = |a, (P = (on—20)

Z E Zumgunm
h? (“)mg

Using the Euler’s formula, we can further simplified the numerator in the second term,
|ei(‘“ng‘2“’)t — 1|2 = |cos(wng — 2w)t + isin(w,, — 2w)t — 1|2
= [cos(wng - Zw)t + isin(wng - Zw)t - 1][cos(wng - Zw)t - isin(wng - Zw)t - 1]

=1+ cos?(wng — 2w)t + sin?(wpy — 2w)t —2cos(w,, — 2w)t

11



=2- 2cos(a)ng - Zw)t = 2[1 - cos(wng - Za))t]

Therefore putting this back to Eq. (1.23) we get,

eilong20)e _ 17 2 g gin2 {@ng 20)¢ (1.24)
2 )
Now from Eqg. (1.23),
2 2, o o (Wng —20)t
@) () = l E* lmglinm 4sin 2 (1.25)
po (Wmg — w) (wng — 2w)
Separating the time dependent and independent term we get,
(1.26)
.um .unm
(2)(t)_ Z g w0 o t),
h? ( Wmg —a)) ( ng )
where
—2w)t
point {2 20N 2 - (127)
p(wng; w, t) = > : .
(wng - 2“))

Eq. (1.27) is plotted in Fig. (1.3). The function p(wng, w, t) can be considered zero if we take in

account the fact that the driving frequency is almost equal to the transition one (w, gy = 2w).

12
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Fig. 1.3 - Probability density distribution of Eq. (1.27).

The value of p(wyg, w,t) can be approximated by using the L’Hopitals rule within the

limit 2w — w,,4 and considering w,, = 2w when the peak value occurs,

4sin? (@ng ~20)t
2 = t2

lim p(a)ng,w,t)z lim
g

2w—wy 20— wng (wng _ 2(1))2

The area under the curve in Fig. 1.2 must be constant since p(wng4, w, t) is a time-dependent

probability density, this area can be approximated by

14n
A=—-——1t%=2mt.
2t

13



For t — oo the function p(wy4, w, t) corresponds to an area of narrow peaked region which can be

approximated by the Dirac delta function as
tlim p(wng,w, t) = 2nt6(wng — Za)), (1.28)

Substituting this into Eq. (1.26), gives

1.29)
E? gt (
PP (t) = Z mg"mzww —2w).
®) K2 (wmg _ w) ( ng )
The local intensity cab be written as,
cne
| = 5 0 |E|2. (1.30)

Eq. (1.29) can be further simplified if we consider a parameter o, ,(w) which is known as

the two-photon cross section and use the information from Eq. (1.30)

2

218 (wyy — 2w) (1.31)

0, () = —— lzm
ng (cneg)? |n2 4 ((Umg —w)

Now using the information in Eq. (1.30) along with the two-photon cross section we have

P @ (1) = ong(w)I?t (1.32)

14



Eq. (1.32) clearly depicts the important relation between the probability density of two-photon

absorption and excitation intensity

P, @ o 2. (1.33)

14 EXPERIMENTAL SETUP OF TWO-PHOTON FLUORESCENCE

MICROSCOPE
141 LIGHT SOURCE

The two-photon microscope developed in our lab uses a femtosecond titanium-sapphire
(Ti:Sapphire) laser source. The structure delivers pulses with a repetition frequency of 80 MHz
and duration on the order of 100 fs. The pulsing light source limit the exposure of the sample and
plays an important role to reduce damage caused to the sample by reducing the delivered average
power. The framework can deliver peak powers more than 300 kW and the average power ranging
from 0.5 W to 2.5 W. The wavelength is tunable and has a broad tuning range from 690nm to
1040nm which allows to excite wide variety of fluorophores. In two-photon absorption the
excitation wavelength approximated as double the excitation wavelength of a single-photon
excitation wavelength typically from 700nm to 1400nm. The most utilized fluorophores and dyes
has single-photon excitation wavelength in the range from 350nm to 690nm therefore with our
source we are transported to the near infrared region of the spectrum. The structure we are using
provide prominent infiltration depth in case of biological specimens due to low absorption and
dispersing which is caused by minimized absorption coefficients of the sample in the near infrared

region.

15



1.42 WAVEPLATE AND POLARIZER

The light coming out of our light source is linearly polarized in the horizontal direction.
There is a half waveplate attached to a rotary mounting right after the source which allows us to
shift the polarization direction by rotating the slow and fast axes of the waveplate. A waveplate is
characterized by its phase shift and a typical half waveplate introduces a phase shift of I' = m for
a given thickness, birefringence and wavelength. A linearly polarized light with phase shift of m
yields a rotation of 26 where 6 is the angle formed between the polarization vector and fast axis

of the waveplate.

Following the half waveplate, the light passes through a polarizer made of birefringent
material which splits the light by changing the polarization. The split lights with different linear
polarization then filtered by taking account a light of certain polarization and the rest is reflected
perpendicular to the path of the initial light. The femtosecond laser used in our laboratory does not
require high intensity light and using the combination of waveplate and polarizer we can control
the average power of the light. We obtain our desired power of the light by rotating the waveplate
while keeping the polarizer fixed in a position. The intensity of a light while passing through a

polarizer can be described by,

I = I, cos?p, (1.34)

This is known as the Malu’s law where, I, and £ are the intensities before and after the polarizer
and the angle between the polarization vector and the axis of the polarizer respectively. In case of

B = 90° the whole light is blocked and the full intensity is transmitted when g = 0°.

16



g . - Half Waveplate

Polarizer

Figure 1.4 - Diagram of Intensity controlling system.

1.43 SCANNING PLATFORM

The scanning mechanism in our two-photon microscope is an essential component which
allows us to produce images of dynamic cellular processes using a raster scanning method. With
the scanning mechanism it is possible to image 320um by 320um images with 30 frames per
second. The scanning platform contains a turning polygonal mirror which provides horizontal axis
(X) data and a galvanometer which scans the vertical (Y) axis. It is also possible to image processes
which takes place more quickly with the help of an electronic circuit tuner that enables us to image
with 60 and 120 frames per second. The field of view is decreased in the vertical direction by one
half of its full frame measurement for 60 frames and by one fourth for 120 frames per second. The
frame rate capability of the two-photon microscope depends on the scanning rates of the

galvanometer mirror.

17



The polygonal mirror composed of a disc with 36 facets equally distributed along the edge
and rotating at a constant rate of 480 cycles each second. Each line in the image parallel to the
horizontal axis is related with each facets and the scanning rate for the polygonal mirror is 17280
Hz. Lines per image corresponding to different frame rate can be calculated while keeping the

polygonal mirror fixed and varying the galvanometer frequency f;

y = 17280 Hz (1.35)
fo

Table 1.1 - Lines per image corresponding to different frame rates.

Frame Rate Lines per image
fg (Hz) N

30 576

60 288

120 144

The galvanometer and polygonal mirror is synchronized by using a bi-cell photodiode
which counts the number of lines formed by the polygonal mirror and produce an electronic sign

that drives the galvanometer at a particular frequency. The synchronization signal is formed by
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utilizing a 650 nm laser diode that reflects off the rotating polygonal mirror and the reflection is

scanned over the bi-cell photodiode.

1.44 DICHROIC MIRRORS

Laser lights of different wavelength can be separated by using a dichroic mirror. Dichroic
mirrors has the property to transmitting a specific range of wavelengths and reflecting the rest. In
our framework we utilized three dichroic mirrors and the first one reflects all wavelengths except
for lights with wavelengths above 660 nm enabling the excitation light to pass through. The
excitation light excites the sample and the fluorescent radiated by the sample is reflected in a
perpendicular direction with the initial light to the detectors. The dichroic mirror b transmits beam
of wavelengths above 520 nm and reflecting any light with wavelengths bellow that value toward
the blue channel. The next dichroic reflects any light of wavelengths bellow 580 nm to the green

channel and transmits anything above that towards the red channel detector.
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1.45 BANDPASS FILTERS

The bandpass filters filter beam of light with frequency outside the passband while
transmitting light within the passband resulting a narrow frequency spectrum. In our two-photon
microscope there are three pairs of bandpass filters. We used pairs of bandpass filter to strongly
filter the light before reaching the detection channel. We used filters of 483 nm for blue detection
channel, 542 nm for green and 624 nm for red detection channel. These filters narrow the frequency

spectrum collected by the three detection channel by transmitting specific range of frequencies.

1.46 OBJECTIVE LENS

In our two-photon microscope framework there are objective lenses which have different
numerical aperture (NA) and working distances. Objective lens is mainly responsible for exciting

the sample through focusing the incoming light and collecting the radiated light from the sample.
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Numerical aperture (NA) is an embedded property of the objective lens that characterize the
dimensionless measurement of a range of angles for which the objective lens can transmit and

acknowledge light. It is defined as

NA = nsinp, (1.36)

Here n is the index of refraction of the objective immersion liquid and g is the half angle of the
maximum cone of light that the objective lens can acknowledge and transmit and these parameters
can determine the working distance of the microscope and lateral resolution. When the sample is
in sharp focus the working distance is defined as the separation between the objective lens and the
nearest surface of the glass coverslip. Objective lens with a higher numerical aperture and

magnification have a shorter working distance.

The property of the objective lens plays a vital role in deciding the resolution of a
microscopic system. The optical sectioning is an inherent capability of our framework and that
enables to do three dimensional imaging. Abbe’s equation can be used to approximate the lateral

resolution of the two-photon microscope

A (1.37)

Here R is defined as the minimum distance between the distinguishable objects and A is the
illuminating light wavelength. According to the equation the lateral resolution increases with
higher numerical aperture (NA) since NA is inversely proportional to the minimum distance.

Therefore to improve the resolution a higher NA objective lens should be used. On the other hand
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a lower NA is required to achieve deeper penetration. In our lab we used mainly two objective
lenses both are liquid (water) immersive with a magnification factor of 60X and numerical aperture
of 1.0 and 1.2. For live fly brain imaging we used a wavelength of 850 nm and for such wavelength
we got a lateral resolution of 0.51 um and 0.425 pum for NA 1.0 and 1.2 respectively. It is clear

that for a higher numerical aperture we got a better lateral resolution.

147 PHOTOMULTIPLIER TUBE (PMT)

In our two-photon fluorescence framework one of the most important part is the
photomultiplier tubes. In our system the fluorescent light which is filtered using bandpass filters
and dichroic mirrors is collected using photomultipliers tubes. Unique PMTs are used to collect
separately the red, green and blue lights. The PMT is composed of photosensitive surface which
can efficiently detect the incident of photons and can convert those detection into electronic signal
by generating electronic charges that are amplified and sensed. The quantity of the photon captured
by the photosensitive surface is the yield of the PMT. Photomultiplier tubes can detect the change
of photon flux within a few nanoseconds and therefore are suitable for detection and recording of
events which occurs really quickly. The quantum efficiency (QE) of these types of devices ranges
between 20% and 40% which is the percentage of detected photons. The QE is a function of the

illumination wavelength and it depends on the chemical composition of the surface.

In our setup, each PMT is connected with a Hamamatsu C7950 socket which can convert
small current with high impedance output of the PMT into a low-impedance voltage output. The
socket has a transformation factor of 0.3 VV/uA. A variable power supply is connected with each
C7950 socket that can be tuned from 0 V to +3.6 V. The high voltage adjustments is used to tune

the gain of the amplification circuit.
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One of the most important measurement which defines the performance of an electronic
sensor is the signal to noise ratio. One of the most important property of the PMT is the high signal
to noise ratio which is due to considerably low dark current. Dark current arises in the absence of

light and is common for this type of sensors.

1.4.8 THREE DIMENSIONAL STAGE

Three dimensional stage provide the comfort of imaging 3D images of the sample as it is
capable of moving in all three axes. The combination of the mounted galvanometer and turning
polygonal mirror provide us the facility to produce two dimensional images for a fixed Z-axis
position. To construct the three dimensional reconstruction of the sample it is required to image in
different Z-position. The 3D motorized stage (Shutter Instrument, MP-285) used with our
microscope is capable of travelling one inch in all the three axes and delivers a minimum resolution
of 0.2 um/step and high resolution of 0.04 um/step with a maximum speed 2.9 um/step. To image

the live fly brain we typically used 1 um/step between the planes along Z-axis.

1.5 ADVANTAGES OF TWO-PHOTON MICROSCOPY

Fluorophores are fluorescent compounds and when they are illuminated by a series of laser
pulses through a focusing lens, the probability per pulse that a fluorophore will be excited by the

two-photon absorption is

na 62P2a,,e< Na? ) (138)
a

Tpfzp 2t6hcA
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Here &, is the two-photon cross section of the fluorophore with wavelength 4, NA is the numerical
aperture of the focusing lens, # is the planks constant, c is the speed of light and P,,,. is the average

power of the laser beam [8].

In an experiment, the image start losing optical resolution if the saturation (n, = 1) is not avoided
and the resolution is defined by the excitation wavelength and the numerical aperture of the lens.

To maximize the signal generation the pulse power and pulse width are also set accordingly.

Figure 1.6 — Focal plane of single photon (left) Vs two-photon (right) fluorescence imaging

microscopy [9].

In the two-photon microscope the fluorescence signal can be spatially confined by confining the
excitation light due to the fact that the signal produced by two-photon microscope is proportional
to the probability of the two-photon absorption and the procedure scales with the squared intensity
of the laser. One of the key advantages of TPM is the signal acquisition from a small section of
the sample. The light cone in TPM is largest at the focal plane and rapidly dies off in the regions
around. It is demonstrated in Figure 1.7 by comparing the effect of one- and two-photon absorption

on signal generation.
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Figure 1.7 — Comparison between confocal microscopy and two-photon microscopy.

Optically thick specimen are very important samples that needs to be analyzed to find out
important information about protein interactions. Resolving microscopic structure in optically
thick specimens is limited in conventional light microscopy because the image gets blurred at the

focal plane by the out of focus noise.

Three dimensional imaging is an important imaging tool and it has been realized after the
invention of confocal microscopy and two-photon microscopy. Both confocal and two-photon
microscopy are really similar in imaging technique. In confocal microscope there are a set of
conjugate apertures to achieve 3D resolution. Among those apertures, one of them is to illuminate

the sample and the other for detecting the fluorescent light and scatterings [10] These apertures
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ensure that the microscope illuminate and detect from the same volume within the sample by

functioning as spatial filters.

An additional benefit of TPM is the ability to image exceedingly heterogeneous thick
samples which is due to the use of wavelengths near IR region relative to wavelengths in visible
and UV spectrum used in conventional fluorescence microscopy. With proper objectives and since
light scattering is proportional to A=#, TPM has been used to image biological events up to several
hundred microns within condensed tissues [11]. The high penetration depth of TPM is further
improved because most biological samples present minute linear absorption between 700 and 1000

nm.
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CHAPTER 2: LIVE IMAGING OF DROSOPHILA MELANOGASTER

BRAIN USING TWO-PHOTON MICROSCOPY

2.1 INTRODUCTION

Cyclic adenosine monophosphate (cAMP) is responsible for intra-neural signal
transduction [12]. Cyclic AMP is produced when the level of dopamine is altered and it is
responsible for the cognition processes. Dopamine is an important neurotransmitter in the nervous
system and is released to communicate signals between neuron cells. In humans, abnormality in
dopamine level is associated with different diseases. To shed light on the cAMP functioning
mechanism, we investigate the Drosophila melanogaster brains in vivo. The neural assembly of
interest is the mushroom body which is accountable for the basic operations of olfactory learning
and memory and contains dopamine receptors. We used Drosophila melanogaster due to its short
life span and fast biological processes. Additionally, it is considered as a typical organism for
biological queries. To measure the effect of varying dopamine levels on cAMP production,
fluorescence resonance energy transfer (FRET) technique is used along with exchange proteins
which are activated by cAMP (EPAC). FRET is a distance reliant non-radiative transfer of energy
between an excited and suitable D-A pair of fluorophores. The mechanism of FRET when applied
to optical microscopy, permits to define the distance between two fluorophore molecules within
several nanometers and is considered as one of the few tools accessible for assessing the changes
in nanometer scale. The Fluorescence Resonance Energy Transfer (FRET) between two molecules
is a significant physical phenomenon with substantial interest for understanding biological systems

[13].
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2.2 FORSTER RESONANCE ENERGY TRANSFER (FRET)

Forster Resonance Energy Transfer (FRET) is named after the physicist and it has become
an important tool for investigating molecular structure and dynamics. FRET is particularly used in
probing protein interactions and cell signaling pathways [14]. According to the theory of FRET it
represents the non-radiative energy transfer from an excited fluorescent protein called the donor
to an acceptor which is another fluorophore. This interaction take place in a close proximity
typically within 10 nm. Therefore using the principle of FRET it is possible to excite the acceptor
fluorophores just by exciting the donor fluorophores which will in turn excite the acceptors with a
non-radiative transfer of energy. Although there are few conditions which must has to meet for

FRET to take place and these conditions can briefly describes as:

1. Close proximity of the fluorophores typically <10 nm

2. Overlapped spectra of the donor emission and acceptor excitation

3. The fluorophores should be oriented in a non-orthogonal orientation.

2.3 PRINCIPLE OF FRET

The mechanism of FRET comprises a fluorophore in excited electronic state, the donor
which transfer energy in a non-radiative process to another fluorophore, the acceptor in close
proximity. One of the key advantages of non-radiative process is that it can achieve significant
information about the donor-acceptor par structure. Unlike radiative mechanism, FRET does not
depends on optical properties and dimension of the specimen. FRET is independent of the wave-

front pathways and does not requires emission as well as reabsorption of a photon.
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Figure 2.1: Jablonski diagram illustrating FRET for TPE

Resonance energy transfer yields unique molecular data to that discovered by events which
are solvent dependent like the fluorescence quenching, anisotropic measurements and excited state
reactions since it is not sensitive to the solvent shell surrounding a fluorophore. The effect on the
spectral properties of the donor and acceptor is the major solvent impact on fluorophores
undergoing resonance energy transfer. Resonance energy transfer depends on the distance between
the donor and the acceptor and the non-radiative energy transfer occurs over longer distances
unlike the short range solvent effects therefore the dielectric nature of the solvent as well as other
elements residing between the involved fluorophores has very little influence on the efficiency of

resonance energy transfer.
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Treating the donor as a dipole i, radiating at frequency w, and the acceptor as a dipole

U4, the energy transfer rate may be given by

1 PD—)A (21)

Tp Po'

Yp-a =

where 1, is the fluorescence lifetime of the isolated donor, Pj,_, 4 is the donor’s energy per unit
time which is absorbed by the acceptor, and P, is the energy per unit time released from the donor

in absence of the acceptor, P, can be written as

I ICH 2.2)
0 12megcd  °
#D’no
Ypoa
-—— VWV\>» —g—
ho,
'
Donor Acceptor

Figure 2.2: Energy transfer between a D-A pair where at the beginning the donor (D) is an

excited state and the acceptor (A) is in ground state.

According to the Poynting’s theorem the power transferred from donor to acceptor is
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1 - (2.3
Ppoy = _Ef Re{j; - Eplav, )
VA

Here j, is the current density associated with the acceptor charges and Ei{ is the electric field

generated by the donor. In the dipole approximation, the current density can be given by
Ja = —iwoHa0 (7 —Ty), (2.4)
thus Eq. (2.3) may be reduced to

Wy — = ,— 2.5
Py = 71"1{.%1 Ep()}- 25)

The dipole moment 11, is not a permanent dipole moment because it is the dipole induced

by the field generated by the donor, therefore dipole moment of the acceptor can be written as
Ha = anEp (T2, (2.6)

where a, is the polarizability tensor of the acceptor. Assuming the polarization of the acceptor is
fixed and given by the unit vector n,

Wy R YA 2.7
Pp_a :71m{aA}|nA'ED(TA)| . 27

Since u, is a induced dipole it is convenient to write the polarizability in term of the absorption

cross-section ay,
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(P(wo)) (2.8)

oa(wg) = m,

where (P(w,)) is the acceptor absorbed power averaged over all dipole orientations and I(w,) is

the incident intensity. In terms of electric field it can be written as,

(wo/2)Im{a(wy)} (|7 Ep| ) 2.9)
(1/2)\/eo o (@) |Bp|”

oa(wo) =

. . . — 2
Taking the orientational average of (|7 - Ep| "),

2

2 |Ep| (T 1.
(|ﬁ'ED|2) = |4L;T| jo Jo [cos? 6]sin 6 dO d¢ =§|ED|2, (2.10)

where 8 is the angle between the dipole axis and the electric field vector. Therefore the power

transferred between the donor and acceptor can be given by

3 (2.11)
60 R 2
Ppoa= 2 M_n(wO)GA(wO)lnA'ED(rA)l .

0

The donor’s field E,, evaluated at the origin of the acceptor r, and may be modeled by the

electric field of a dipole,
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(2.12)

1
+3

Ep(ry) = py—
0

[3(up - )7y — Hpl,

where 7 = r7, is the vector from the acceptor to the donor. The donor’s dipole moment can be

represented as

tp = lup|p, (2.13)

therefore using this equation in Eq. (2.12) yields,

. 1 wup. (2.14)
Ep(ry) = dmeg r? [3(Ap - A7, — 7ip],
substituting Eq. (2.14) in Eq. (2.11),
_ 3up® oa(wy) ¢ (2.15)

Ppoa= 3212 n(wg) €gr® [3(np - n) (4 - 1) —ny - mp 2.

The energy transfer dependence on the dipole orientation is generally written as

k? = [3(np 'n)(n, - n,) —ny-npl?

Substituting it in Eq. (2.15) gives,

3up? o4(wg) ck?
Py, = 1p“ oa(wo) . (2.16)
3212 n(wg) €,r°
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The energy transfer rate is given by the ratio of P,_, and P,. We must consider using a
normalized frequency distribution f, if we take in account that the donor may radiate energy over

a range of frequencies,

Ppoa 9c*i? waA(w)fD(w)d (2.17)
P,  8mré w*n*(w) @

By substituting Eqg. (2.17) into Eqg. (2.1), the energy transfer rate is given as

o, = 1 9C4K2j‘°°aA(a))fD(a))d (2.18)

— w
Tp 8mro wn*(w) ’

2.3.1 THE RATE OF ENERGY TRANSFER k;

The rate of energy transfer between a donor and an acceptor was given by Forster in the

form

ky = 1 (&)6’ (2.19)

r

Where t, is the fluorescence lifetime of the donor in absence of the acceptor and r is the distance
btween the particular D-A pair. The Forster constant R, is a distance parameter and measured from

the spectroscopic and shared dipole orientation parameters of the D-A pair k2 and given by
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6 9C4K2f oa(w)fp ((U) (2.20)
= dw
0

R.6 =
0 8m w*n*(w)

The Forster constant R, is also associated with the spectral overlap integral of the D-A pair

which is given by,

J= f UA(w)fD((U) do. (2.21)

4n4(w)

2.3.2 ENERGY TRANSFER EFFICIENCY E

The efficiency of the energy transfer is described by Forster as the number of photons
absorbed by the donor that are transferred to the acceptor. It can be expressed as the ratio of rate

of energy transfer k, to the total decay rate of the donor

ke (2.22)

Substituting Eq. (2.19) into Eq. (2.22) we obtain the relation between the efficiency of the

energy transfer, FOrster constant and the separation between the particular D-A pair

R,® (2.23)

E =—
FRET R06+r6
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Bellow is a graph of Eq. (2.23). From the plot it is clear that the efficiency drastically drops
as the distance between the D-A pair increases from the Forster constant. The efficiency has a

major change from the point when it is equal to the Forster constant.

0.75

Energy (E)
o

0.25

Figure 2.3: FRET efficiency plot.
2.3.4 ORIENTATION FACTOR «?

The orientation factor k2 = [3(np ' n,.)(n4 - n,.) — 1y - np)? defines the orientation of a
D-A pair dipoles. The value of k2 can range from 0 to 4 which depends on the relative orientation
of the dipole pairs. In case of both the dipoles oriented along the axis which separate them, the
value of k2 = 4 and is known as the optimal configuration. In case of the optimal configuration
all the vectors are parallel to each other. In most of the cases the orientation of the dipoles are

unknown and to simplify the calculations k2 is assumed constant for all dipole configurations and
the expectation value is (k?) = % Systems with constant value of x are those considers fast
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rotational dynamics of the dipoles associated and does not apply to the systems where the

movement of the involved dipoles are restricted.
2.3.4 SPECTRAL OVERLAP INTEGRAL

The spectral integral /(1) can be expressed as a function of wavelength which gives the

amount of spectral overlap between the acceptor and the donor. It can be expressed in the form

J0 = [ Hwe@ra (2.24)
0

where f5(4) is the normalized form of the donor fluorescence spectra and €,(4) is called the
extinction coefficient of the acceptor at A. The extinction coefficient is an intrinsic property of the
fluorophore which measures the strength of acceptor of absorbing photon unlike f, (1) which
depends on the fluorophore surroundings and therefore the spectral overlap integral depends on
the medium. The spectral overlap integral can be expressed as the overlap of the donor emission

spectra and the acceptor absorption spectrum shown in Figure (2.4).
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Figure 2.4: Emission and absorption spectra of D-A pair

24  CYCLIC ADENOSINE MONOPHOSPHATE (CAMP)

Cyclic adenosine monophosphate (CAMP) is a second messenger molecule and it is a
derivative of adenosine triphosphate (ATP) as shown in Figure (2.1). Cyclic AMP is produced
from ATP by adenylate cyclase located on the internal portion of the plasma membrane and
attached at various locations in the interior of the cell [15]. The adenylyl cyclase is a first
messenger and is triggered after the ligation of G protein coupled receptors by ligands including
prostaglandis, autocoids, hormones and pharmacologic agents. The signals produced by the
adenylyl cyclase is responded by cells by releasing cAMP. Cyclic AMP is associated with almost
all the cellular process which includes cell division and growth, gene expression,
neurotransmission and metabolism. cAMP is also responsible for triggering physiological
processes such as memory and learning, relaxation and kidney water uptake [16]. Cyclic AMP is
also involved in activating protein kinases, regulating function of ion channels and other cyclic-
nucleotide proteins.
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Figure 2.5: 2D skeletal formula of cAMP [17]

25 DOPAMINE (DA)

Dopamine (DA) is an organic chemical compound contacted from 3,4
dihydroxyphenethylamine). Dopamine is synthesized from amine through removing carboxyl
group from L-DOPA molecule. Synthetization of dopamine is common in brain, kidney as well as

plants and animals.

HO NH

HO

Figure 2.6: 2D skeletal formula of dopamine [18]

Dopamine is one of the major neurotransmitters of central and peripheral nervous system

which is released by nerve cells to communicate with each other. Neurotransmission due to
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dopamine is very important due to its connection with cognitive degeneration [19]. Dopamine has
been connected to cognitive aging as well as reduced cognitive function irrespective of age [20].
Reward motivated behavior plays a major role among the distinct dopamine pathways and cause
an increase in dopamine neural activity. Besides, other dopamine pathways are involved in motor
control and regulating hormones. Additionally, patients diagnosed with Huntington’s disease,

schizophrenia and Parkinson’s disease show irregular dopamine function.

2.6 FLUOROPHORES (CFP-YFP PAIRS)

Fluorophores are fluorescent chemical compound which comprises several collective
aromatic clusters. Additionally, they can also composed of planar or cyclic molecules with several
7 bonds. Fluorophores absorbs light energy of a specific wavelength and are capable of re-emitting
light after they are excited. In our experiment the targeted fluorophores are a pair of fluorophores
which is most commonly used for biological queries [21], cyan fluorescent protein (CFP) and
yellow fluorescent protein (YFP). CFP acts as a donor and YFP behaves as an acceptor. CFP and
YFP are color variants of green fluorescence protein (GFP). The absorption and emission spectra
of these fluorophores is well recognized [22]. In case of CFP-YFP pair, it is possible to excite both
fluorophores by only exciting the CFP fluorophore due to their overlapping spectra under two-
photon absorption. Since CFP emission spectra overlaps with the YFP absorption spectra therefore

just by exciting CFP will in turn excite the YFP fluorophore through FRET.
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Figure 2.7 — (a) CFP and YFP spectral overlap with one-photon absorption,

(b) Intensity of CFP and YFP emission for different TPE excitation wavelengths [22]

In Figure (2.7a), the overlap between the CFP emission spectra and YFP absorption spectra
is highlighted in green and it shows an insignificant overlap range. From Figure (2.7b) it is seen
that the fluorescence intensity of CFP fluorophore is maximum for 880nm excitation wavelength
with TPE. The intensity for YFP fluorophore at 880nm wavelength is not ideal for FRET since it
can increase the probability of direct excitation and may decrease the success rate of FRET. The
ideal wavelength for FRET to occur successfully has been found to be 850nm because at this
wavelength the intensity of YFP fluorophore is one-fifth of CFP fluorophore which significantly
reduce the probability of direct excitation and can produce YFP fluorescence due to indirect

excitation through CFP excitation.

2.7 EXCHANGE PROTEIN DIRECTLY ACTIVATED BY CYCLIC AMP (Epacl)

Epac is a novel CAMP sensor [23, 24]. These type of proteins contain CAMP binding
domain (CBD) [25] and can bind with cAMP with high affinity. There are Epacl and Epac2 which

are two isoforms of Epac where Epacl is universally distributed in all tissues [23, 24]. In our study
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we used Epacl and as shown in Figure (2.8), in absence of cAMP, Epac is folded in such a way
that the CFP-YFP fluorophore are close to each other so that FRET can occur. When cAMP is
released due to the stimulant, Epac gets activated by cAMP and the protein unfolds causing the

fluorophore pairs to move away from each other resulting low FRET [26].

High FRET Low FRET
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Figure 2.8 — cyclic AMP dependent Epacl configuration.

28 TWO-PHOTON IMAGING OF LIVE DROSOPHILA BRAIN USING FRET FOR

cAMP DYNAMICS
2.8.1 SAMPLE PREPARATION

Drosophila melanogaster is a species of fly commonly known as the fruit fly. D.
melanogaster is widely used in biological research such as genetics, microbial pathogenesis, life
history evolution and physiology due to that fact that it can quickly breed, has a short life span and
they are readily raised in the laboratory [27]. In our experiment we used GAL4 MB247 fly batch

which are 4-7 days old adults. The sample preparation can listed as follows:
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e Immobilizing flies on ice and gluing them inside a cylindrical hole situated at the center of
a round slide using two percent agarose solution.

e A small window was cut open into the live drosophila head under an optical microscope
and trachea was removed from that region.

e The sample was bathed with hemolymph like saline solution which protects the brain and
ensure essential nutrients for the fly.

Agarose is a polymer material which is extracted from seaweed and is frequently used in

molecular biology. Agarose is made up from repeating units of agarobiose and is a linear

polymer [28]. Below Table (2.1) and (2.2) shows the composition of hemolymph and

dopamine solution.

Table 2.1 — Composition of hemolymph like saline

Hemolymph-like saline (HL3)

NaCl 70 mM

KCI 5 mM

CaCl» 1.5 mM
MgCl, 20 mM
NaHCO3 10 mM
Trehalose 5mM
Sucrose 115 mM
Hepes, pH 7.1 5mM
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Table 2.2 — Composition of dopamine solution, molecular weight and preparation of 1mM

concentration

F.W. Molar Concentration Amount
Dopamine | 189.64 g/mol 1mM 1ml

Aliquots of 500 mM concentration into 10pl
Then 1pl in 499 ul of HL3= 1mM concentration
2ul in 998 pl HL3 =1mM concentration; 1 ml amount

2.8.2 EXPERIMENTAL METHOD

Live Drosophila melanogaster fly is immobilized on ice and glued onto a slide using
agarose solution. A small window was cut into the head capsule and the brain was bathed with
hemolymph solution. Hemolymph is a saline like solution which protect the brain and preserve
brain functions. The preparation was placed under a two-photon fluorescence microscope with
720nm excitation wavelength equipped with a 70X water immersion objective lens. At 720nm it
is efficient to locate the sample and after locating the fly under the microscope, the wavelength is
changed to 850nm. Image acquisition was done at different z-positions each 1 um apart within the
sample’s mushroom body. The experiment was divided into two phases where Phase | corresponds
to the baseline and Phase Il corresponding the effect of dopamine in cAMP dynamics. To
determine the baseline the experiment was carried out with saline solution only. The brain is
scanned while bathed in saline solution with the two-photon microscope. In the next phase of the
experiment the laser was blocked to reduce photo bleaching and the saline solution is washed out.
After washing the saline solution the brain is stimulated by bathing with 1mM dopamine solution

applied using a micropipette and then scanned again. The injection of the dopamine solution
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caused a drop in fluorescence intensity which may perhaps due to the change in refractive index

of the solvent .The process is depicted in Figure (2.9)
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/

Figure 2.9 — Schematic illustration of in vivo preparation

The images were taken using the green PMT to collect the fluorescent signal of the YFP
and blue PMT for CFP signal. The laser power was 200 mW and the PMT voltages were set to
2.15 V. For our experiment we used 542 nm dichroic and 580 nm filter for green channel and 483
nm dichroic and 520 nm for blue channel. Image processing was carried out using the software

ImageJ.
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Figure 2.10 — Mushroom bodies with targeted region (y-lobe) a) bathed in hemolymph like solution

b) Washed and again bathed with dopamine solution

2.8.3 IMAGE PROCESSING USING IMAGEJ

Image acquired using the two-photon microscope were processed, measured and the data
was stored using ImageJ software where each of the RGB TIF files contain values in green and

blue channel. The step by step process can be listed as:

e The RGB image was split into grayscale green and blue channel.

e For rendering purposes the green channel signal was given yellow color and blue channel
signal was set to cyan color which corresponds YFP and CFP signals respectively.

e Selection tool was used to measure the highlighted region.

e Measurement was carried-out using the ImageJ inbuilt measurement tool and the data was

saved as an excel file.
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2.8.4 RESULTS

During the first part of our experiment, we have excited the sample with 850 nm excitation
wavelength and scanned the mushroom bodies inside a Drosophila brain in vivo. At the beginning
we used hemolymph like solution to bath the brain. During the phase Il of our experiment we
washed out the solution and again excited it with the same wavelength, bathed the sample with
dopamine solution and rescanned. Below Figure (2.11) shows the CFP and YFP signal before and
after administering dopamine solution. From the scanned images the fluorescence intensity of the
y-lobes were analyzed. Besides the background intensity of each different Z-position was also

measured, analyzed and subtracted from the previous signals.
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Figure 2.10 — a) CFP b) YFP signal from the mushroom bodies before administering dopamine

and c¢) CFP d) YFP signal from the mushroom bodies after administering dopamine.
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Figure 2.12 (a) (b) — Fluorescence emission level of CFP and YFP before and after administering

dopamine

Figure (2.12) shows a drop in intensity level for both CFP and YFP fluorescence intensity after
adding dopamine solution to it which is already discussed in the previous section and may be
caused due to the refractive index of the solution. In Figure (2.13) the change is shown more clearly

by comparing the signals separately for both the medium.
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Figure 2.13 - (a) Fluorescence intensity of CFP before and after administering dopamine

(b) Fluorescence intensity of YFP before and after administering dopamine

Below in Figure (2.14 - a) shows the CFP and YFP fluorescence intensity ratio. The loss of ratio
after adding dopamine solution to the sample exhibits the decrease in FRET due to the unfolding
of EPACL by activation through cyclic AMP. This indicates the dopamine solution increases the
amount of cyclic AMP which further shows the reducing number of activated exchange proteins.
Figure (2.14 - b) depicts the percent change in ratio where the CFP/YFP ratio (R) was divided by
the ratio (Ro) before administering dopamine. For statistical analysis AR/R, is calculated for

different Z-positions.
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Figure 2.14 - (a) Ratio of CFP and YFP fluorescence intensity before and after stimulating

with dopamine

(b) Percent change in fluorescence intensity

29 CONCLUSION

The results has a positive indication of molecular structural change of the host protein
(Epacl) due to protein-cAMP binding. The study shows that the CFP/YFP ratio inside a live
Drosophila melanogaster mushroom bodies has increased after administering dopamine which
suggests a decrease in Fluorescence Resonant Energy Transfer (FRET) between CFP-YFP pair.
These are strong indication of dopaminergic modulation of cCAMP production, which may be the

reasons discussed for dopamine’s role in the neural environments.
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