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We present a method of mapping the water molecule distribution in mouse brain tissues using injected bis-/N-
carbazolyl-distyrylbenzene and the FLIM technique. The fluorescence lifetime of this two-photon absorbing
chromophore diminishes when the amount of water in the surrounding area increases. The fluorescence
lifetime of the injected in vivo chromophore strongly depends on the content of water in different areas.
Thus, lifetimes of 900 + 50 ps in the hippocampus (extracellular fluid), 520 £ 50 ps in the lateral ventricle
(choroid plexus, cerebrospinal fluid), and 400-150 ps in blood vessels were observed. Moreover, the
fluorescence lifetime distribution undergoes drastic changes when mice are deprived of water. Statistical
analysis of the investigated samples showed that upon water deprivation water content decreased at the
border of the hippocampus/lateral ventricle areas and increased in blood vessels.

Introduction

Fluorescence lifetime imaging microscopy (FLIM) is a very
useful technique in many areas of bioscience. FLIM allows
direct visualization of spatially dependent fluorescence decay,'®
whereas fluorescence microscopy imaging primarily shows the
localization of species of interest, such as proteins or other
macromolecules.®!!

Eqn. (1) presents the dependence of the fluorescence inten-
sity on the deactivation time of the excited state'?

I(r) = Z et/
=1

where o; are the pre-exponential factors (amplitudes), 7, are the
decay times and # is the number of exponential components.

Interactions of the fluorescent molecule in the excited state
with neighboring molecules in the ground state are manifested
in the spatial distribution of the fluorescence decay. The most
important advantage of the FLIM technique is that it does not
depend on the chromophore concentration, the excitation
intensity and the light path length, conditions that are difficult
if possible to control inside biological objects.

The FLIM technique has been shown to be useful for sensing
of oxygen,13 pH,l‘H7 calcium,'®'"®*"° intracellular sodium,?
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free and protein-bound NADH,?> macrophage-mediated anti-
gen processing,”' and glucose.’*** The FLIM technique has
also been used to study different mechanisms in brain.**° In
particular, brain tumor margins were explored by measuring
the lifetime of the autofluorescence in brain tissue,” release of
Zn(1) under electrical stimulation of the mammalian hippo-
campus was investigated by measuring the fluorescence para-
meters of injected fluorescent labels®® and the transport of
proteins conjugated with the fluorescent species in elongated
tubules of hippocampal neurons was also measured using the
fluorescence control.”’

The scope of the FLIM technique was expanded with the
invention of biologically applicable two-photon chromo-
phores. Use of the lower energy wavelengths for excitation
decreases the damage to the biological objects, diminishes light
scattering and allows deeper penetration into biological tissues.
Utilization of ultra-short pulsed lasers (sub-picosecond) solves
the problem of protection of biological tissue from radiation
damage. Even when the peak power during one pulse is
extremely high, the average laser power remains relatively
low and not harmful to the biological tissues.

Albota et al. have drawn a guideline for the design strategy
of two-photon chromophores.* It is based on the concept that
charge transfer from the ends of a conjugated symmetric
molecule towards the center, or vice versa, is correlated to
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enhanced values of the two-photon absorption cross-section, J.
This concept was tested in a series of bis(styryl)benzene
derivatives with D-n—-D, D-A-D, and A-D-A structural
motifs. Indeed, exceptionally large values of 6 were measured,
and theoretical predictions and QC calculations attributed
this to substantial symmetrical charge redistribution upon
excitation.™

Recently, we developed a series of two-photon absorbing
chromophores involving carbazole moieties as the electron
donating groups.’! Derivatives of this series possess large
two-photon cross-section coefficients at ~800 nm, high fluor-
escence quantum yields and photostability. At the same time,
their photochemical behavior strongly depends on the polarity
of the solvent. In the present study, bis-N-carbazolyl-distyryl-
benzene (BND),?! was chosen as a fluorescent label for the
neuroimaging of water molecules in brain tissues.

3

g

Three kinds of fluids are active in a brain: extracellular,
cerebrospinal, and blood. The extracellular fluid compartment
includes all water and electrolytes outside of cells (interstitial
fluid, plasma, and lymph); cerebrospinal fluid (CSF) mostly
contains water, and is formed by ultrafiltration of blood in the
choroid plexus (special cells that make up the walls of some
collections of arteries in the brain and filter red, white and
platelet cells, thus the filtered CSF has no cells, however, ions
and glucose are small enough to pass through the filter that
makes CSF). CSF circulates through the ventricles as well as
flowing around the outside of the brain and through the spinal
canal. Hydrostatic pressure and osmotic pressure regulate the
movement of water and electrolytes from one part of the
ventricle to another. The flow of CSF through the ventricular
system of the human brain is a complex phenomenon because
of the ventricular system geometry, and it is considered as
creep flow due to its low production rate. Apart from cushion-
ing the brain and transporting the biomedical elements, CSF
has a major function in buffering extracellular fluids, nutrient
supply and participation in brain signaling.*>*

Here we demonstrate that the quantitative distribution of
water in brain tissues can be visualized by means of injected
in vivo chromophore and the two-photon FLIM technique.

The brain’s self-protection from dehydration is one of the
vital biological processes. It was demonstrated that although in
the case of dehydration the content of water within several
tissues is decreased,* the brain water content is maintained.
However, the detailed mechanism of brain self-protection from
water deprivation is yet unknown.

We investigated the effect of dehydration on the distribution
of water molecules at the hippocampus/lateral ventricle area
border. Preliminary results presented here show that redistri-
bution of the quantity of water occurs as a result of dehydra-

#
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tion and this process can be effectively monitored using BND
and the two-photon FLIM technique.

Results and discussion

The chromophore, 4,4’-bis(9-carbazolyl)-distyrylbenzene
(BND), was synthesized in 40% yield by the Wittig reaction
of p-bis(diethylphosphonyl)xylylene and 9-(4-formylphenyl)-
carbazole in DMSO in the presence of -BuOK.*' This deriva-
tive possesses a large two-photon absorption cross-section
coefficient dyax = 1050 x 107 cm? s photon (1050 GM) at
800 nm, high fluorescence quantum yield and photostability.*®

Fluorescent properties of BND

BND exhibits a broad emission band with the maximum
intensity at 454 nm when excited at 378 nm (the quantum
yield is 0.68 in 107> M acetonitrile solution). Similar results
were also obtained for 10~* M toluene solution previously.*!-*®

The two-photon fluorescence lifetime imaging for BND
solution and its evaluation are shown in Fig. 1. In a typical
experiment, a glass slide was covered with a thin layer of the
BND solution in acetonitrile. The fluorescence of BND was
recorded upon excitation at 800 nm (Fig. 1a). Fig. 1d presents
the fluorescence decay and fit to the decay at the cross point
(inside the dashed circle, Fig. 1b). With a good approximation
(> = 1.08), the fluorescence decay follows the two-exponential
decay with a measured fluorescence lifetime of 1161.79 ps.

Evaluation of the statistical assessment of the spatial dis-
tribution of the fluorescence lifetime values (Fig. 1¢) within the
observed area (500 mem x 540 mcm) is shown in Fig. 1d. A
random spatial distribution of the fluorescence lifetime values
follows the Poisson distribution.

A comparatively narrow FWHM (full width at half of the
maximum) of the statistical distribution, namely 60 ps, indi-
cated that BND possesses high homogeneity of fluorescence
decay and does not form aggregates.

Upon excitation at 380 nm in acetonitrile, the fluorescence
lifetime was 1170 ps; addition of water caused quenching of
BND emission and shortening of the fluorescence lifetime. The
most pronounced fluorescence lifetime decrease was observed
within the range of the acetonitrile/water molar ratio of 0.6—
0.4. Within this range, the BND fluorescence lifetime under-
went considerable reduction from 1120 ps to 650 ps. Below the
molar ratio of 0.4, further quenching of the fluorescence made
measurements difficult.

Fig. 2 illustrates the BND emission quenching caused by
addition of water. At the same concentration of BND in
solution (confirmed by the absorption spectra), the intensity
of the fluorescence drops down by more than 20 times when
water is present.

The typical results of the lifetime measurements under
different conditions are shown in Fig. 3: (1) the instrument
response to the duration of the LED pulse (380 nm); (2) decay
of the fluorescence lifetime of BND dissolved in acetonitrile—
water with addition of hydrochloric acid, the measured lifetime
was 480 ps; (3) in acetonitrile-—water solution with molar ratio
of 0.48, the measured lifetime was 980 ps; (4) in acetonitrile, the
measured lifetime was 1170 ps.

According to the "H-NMR spectra, BND exists as the E,E
isomer in methylene chloride and acetonitrile solutions. The
corresponding E.Z and Z,Z isomers are considerably less
stable than the E,E isomer (by 4.4 and 8.4 kcal mol ™!,
respectively, for the PM3 optimized structures). We assume
that stabilization of the less stable isomers involving hydrogen
bond formation occurs in the presence of water. Experiments
in the presence of various amounts of acids indirectly confirm
this assumption. Detailed mechanistic studies are currently
under way.
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Fig.1 Imaging of the BND two-photon fluorescence lifetime. The fluorescence was observed at 454 nm upon excitation at 800 nm. (a) Two-photon
fluorescence image of a thin layer of the acetonitrile solution (the black spot is a bubble of air in the layer); (b) lifetime imaging of the two-photon
fluorescence; (c) the statistical fluorescence lifetime distribution and the color scale of the fluorescence lifetime values; (d) the fluorescence decay

(at the cross-marked point in the circle of b) and the fit to the decay.

Fluorescence lifetime imaging of BND injected in the
hippocampus

Typical fluorescence lifetime imaging of the investigated areas,
lateral ventricle (1) and hippocampus (2), with BND injected in
vivo into the hippocampus, is shown in Fig. 4. The areas with
different fluorescence lifetimes (and, consequently, with differ-
ent water contents) are mapped as follows: green colored—a
lifetime of 520 + 50 ps—the lateral ventricle area (1); blue
colored—a lifetime of 900 4 50 ps—the hippocampus area (2);
yellow-colored—a lifetime of 400-250 ps—the blood vessels
(both areas).

Comparison of the FLIM of the hippocampus area filled
with the extracellular fluid and the lateral ventricle area with
the choroid plexus filled with the cerebrospinal fluid, demon-
strates that the changes in the fluorescence lifetime of the
chromophore do indeed reflect the amount of water present
in each area.

We employed this phenomenon to investigate the effect of
water deprivation in the mouse brain in the same area of the
lateral ventricle/hippocampus.
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Fig. 2 The absorption (left axis) and emission (right axis) spectra of

BND dissolved in acetonitrile (black curve) and acetonitrile-water

solution (1 : 1 molar ratio) at a concentration of 1077 M.
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Fig. 5 presents a typical fluorescence lifetime image of BND
at the boundary of the hippocampus/lateral ventricle areas
under normal drinking conditions (a) and under water de-
prived conditions (b) (the area of the hippocampus where
layers of neuronal sheets are present is omitted).

Fluorescence lifetimes of 900.0 + 25 ps were measured in the
hippocampus area under normal conditions (Fig. 5al), mean-
ing a comparatively narrow range of the fluorescence lifetime
distribution. Shortening of the fluorescence lifetime with a
much broader statistical distribution of the values (410 £+ 100
ps) was observed at the boundary of the lateral ventricle/
hippocampus area (Fig. 5a2), indicating the presence of a
larger amounts of water.

Parallel experiments using the brain of dehydrated mice
produced completely different results. Fig. 5b2 shows the
fluorescence lifetime imaging of BND in the same areas. In
the hippocampus area the values of the BND fluorescence
lifetimes were close to those of the normal conditions: 850.0 +

Counts

1000

100

Time, ns

Fig. 3 The fluorescence decay: (1) the instrument response on the
LED pulse (4ex = 380 nm); (2) BND emission ., = 476 nm (in
acetonitrile—water with addition hydrochloric acid); (3) BND emission
Jem = 454 nm (in acetonitrile-water solution—molar ratio 0.48); (4)
BND emission 4., = 454 nm (in acetonitrile), at room temperature.
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Fig. 4 The typical BND fluorescence lifetime distribution in the
lateral ventricle (1) and hippocampus (2) areas; (a) FLIM picture; (b)
the statistical distribution and color scale of the fluorescence lifetime.

80 ps vs. 900.0 £+ 25 ps respectively. However, a significant
increase in the BND fluorescence lifetimes of up to 950 + 100
ps was detected at the boundary (Fig. 5b2) (410 + 100 ps for
the normal conditions). It is noteworthy that the fluorescence
lifetime in the blood vessels decreased down to 300—150 ps for
the water deprived conditions, meaning an increase in the
amount of water in blood.

We also investigated the autofluorescence of the tissues from
mice under normal and deprived drinking conditions and the
same experiments were done after injection of acetonitrile only.
The autofluorescence of the tissue was on the threshold of
detection ability under excitation at 800 nm. The same result
was obtained in the control cases, when only acetonitrile was
injected.

Additionally, we studied the brain samples using a polarized
optical microscope. Polarized microscope imaging in the case
of water deprivation displayed the tissue at the lateral ventricle/
hippocampus boundary as the matter with the enhanced
optical activity, meaning formation of a structure with in-
creased optical anisotropic properties. Structures with in-
creased optical anisotropic properties can be result of the
decreasing water content.

To summarize, we demonstrated shortening of the BND
fluorescence lifetime as a result of BND interaction with water.
The FLIM technique applied along with BND can be used to
map water distribution in biological tissues.
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Fig. 5 The typical fluorescence lifetime distribution of BND at the boundary of the hippocampus (1) and lateral ventricle (2) areas; (a) normal

water drinking; (b) water deprivation.

View Article Online

Apparently, water deprivation leads to a decrease in the
content of water in the area of lateral ventricle/hippocampus
boundary.

Conclusion

Interaction of BND with water upon irradiation leads to
quenching of fluorescence and diminishing fluorescence life-
time. The mechanism of this interaction is currently under
investigation. The high sensitivity of the photochemical beha-
vior of BND to the amount of water present allows effective
mapping of biological tissues demonstrated in the present
study by imaging of the mouse brain using the FLIM tech-
nique.

Experimental

Bis-N-carbazolyl-distyryl benzene (BND) was injected in the
hippocampus area of two groups of mice. Mice: female C57BI
mice (20 g) (Harlan) were kept in pathogen free conditions and
given water and food ad libitum.

In each group, half the animals were subjected to conditions
of water deprivation 12 h prior to use. The other group had
free access to water.

Mice were anesthetized with sodium pentobarbital (3 mg per
100 g body weight; intraperitoneally) and placed under a
stereotaxic apparatus (Kopf Instruments). The site of injection
was chosen according to a mouse brain atlas and coordinates
of the hippocampus. Test materials (2 pl) were injected into the
hippocampus using a microsyringe inserted through a bore
hole in the skull. Mice were sacrificed after 15 min and the
brain was excised. Frozen sections (10 pm) were analyzed for
fluorescence.

FLIM was performed using a Biorad Radiance 2100 MP
system in combination with a Nikon TE 300 inverted micro-
scope. Two-photon excitation pulses were generated by a
Ti:Sapphire laser (Coherent Mira) that was pumped by a
5 W Coherent Verdi laser. Pulse trains of 76 MHz (150 fs
pulse duration, 800 nm center wavelength) were produced. The
excitation light was directly coupled into the microscope and
focused onto the sample using a CFI Plan Apochromat 20 x
(N.A. 0.75). Fluorescent light was detected using non-des-
canned single photon counting detection, which is the most
sensitive solution for two-photon imaging. For the FLIM
experiment the Hamamatsu R3809U MCP PMT was used,
which has a typical time resolution of around 50 ps. Bis-N-
carbazolyl-distyrylbenzene (BND) emission was selected using
a 450DF80 nm band-pass filter. Images with a frame size of
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Fig. 6 Scheme of the injection place and the fluorescence lifetime
observations (dotted rectangle).

64 x 64 pixels were acquired using the Becker and Hickl SPC
830 module.’” The average count rate was 2.10* photons s,
for an acquisition time of 90 s. From the intensity images
obtained, complete fluorescence lifetime decays were calculated
per pixel and fitted using a double exponential decay model.

Fluorescence lifetime measurements were done on BND
solution in acetonitrile (107> M); acetonitrile—water with dif-
ferent molar ratios—acetonitrile—water, BND concentration
1073 M; acetonitrile-water with addition of hydrochloric acid
(3 x 107> M). Measurements were made by means of Fluo-
Time 200 (PicoQuant GmbH) with a pulsed diode laser PDL
800 — B, 4 = 380 nm, pulse FWHM 54 ps, repetition frequency
20 MHz, maximum power 0.73 mW, with Data Analysis
Software FluoFit (PicoQuant GmbH). For pulse control a
solution of Ludox was used. The solutions were purged with a
flow of argon prior to observation for oxygen elimination.

Excitation and PL spectra were taken on a Shimadzu RF-
5301PC spectrofluorimeter. Samples were placed into a 3.5 mm
optical path quartz cuvette, and data were collected at right
angles to the excitation beam.

The polarized optical microscope images were taken with a
microscope Axioskop 2 plus (Zeiss), with available trans-
mitted-light polarization technique.

The scheme of the experiments is presented in Fig. 6. The
black arrow points to the site of the chromophore injection and
the dashed black line marked rectangle shows the place of the
observation, the hippocampus/lateral ventricle area. Brains
were excised and immersed in liquid nitrogen. Coronal slices
were made at the medial hippocampus.

The samples were stored in liquid nitrogen, and then in dry
ice during several days transportation. No preservatives were
used for the samples’ protection.
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