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Abstract. Multiphoton microscopy has been shown to be a useful tool in studying drug distribution in biological
tissues. In addition, fluorescence lifetime imaging provides information about the structure and dynamics of fluo-
rophores based on their fluorescence lifetimes. Fluorescein, a commonly used fluorescent probe, is metabolized
within liver cells to fluorescein mono-glucuronide, which is also fluorescent. Fluorescein and its glucuronide have
similar excitation and emission spectra, but different fluorescence lifetimes. In this study, we employed multipho-
ton fluorescence lifetime imaging to study the distribution and metabolism of fluorescein and its metabolite in
vivo in rat liver. Fluorescence lifetime values in vitro were used to interpret in vivo data. Our results show that
the mean fluorescence lifetimes of fluorescein and its metabolite decrease over time after injection of fluorescein
in three different regions of the liver. In conclusion, we have demonstrated a novel method to study a fluores-
cent compound and metabolite in vivo using multiphoton fluorescence lifetime imaging. ©2011 society of Photo-Optical
Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3614473]
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1 Introduction

The liver is the most important organ in the body for drug
metabolism and excretion.'>? In situ liver perfusion is the main
experimental technique used to study drug distribution in the
liver. In such experiments, normal physiological and/or patho-
logical hepatic conditions can be maintained for the duration
of the experiment.! A limitation in these models is the “black
box” nature of the experiments, in which physiological phar-
macokinetic models are used to deduce events occurring in the
organs using the observed outflow profiles.*® We have sought to
improve on this modeling by building an in silico liver that con-
sists of a collection of flexible, hepatomimetic, in silico “cells”
which are, in turn, assembled together into hepatic “lobules”
and using outflow profiles to validate the predicted drug dispo-
sition in the liver.”® A much more precise method of analyzing
pharmacokinetic events in the liver is to directly observe them.

Noninvasive fluorescence microscopy is a unique approach
that can enable the direct visualization of transport and distri-
bution of fluorescent drugs both in the liver cell and at aci-
nus level.>° It has also been used to study vital cellular pro-
cesses in the liver under various conditions.!? Fluorescein (F)
has been a probe in fluorescence microscopy studies for over
50 years.'!"!2 Tt is taken up by the hepatocytes and excreted
into the bile by active transport.>!>!* F is metabolized within
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the hepatocytes to fluorescein mono-glucuronide (FG), which
is also excreted into the bile by the same active transporter.'
Both chemicals present overlapping excitation and emission
spectra,'® making them hardly distinguishable under the fluores-
cence microscope. Fluorescence lifetime imaging microscopy
(FLIM) adds the capability of discriminating between various
fluorophores in biological tissues on the basis of their fluores-
cence lifetimes.!” The fluorescence lifetimes of F and FG differ,
and can be detected using FLIM and have been reported to be
3.8 to 4.1 and 2.3 ns, respectively. The lifetime of F is highly
dependent on the pH of the solvent.'® 181

Multiphoton microscopy (MPM) is particularly well suited
to in vivo studies of drug distribution in biological tissues, as
it reduces tissue damage and enhances image quality due to
reduced photobleaching and increased penetration depth in the
near infrared spectral range, compared with conventional flu-
orescence microscopy predominantly carried out in the visible
spectral range.”>??> Our group has used MPM in combination
with FLIM to visualize the in vivo disposition of F in rat liver.??
We found that the average fluorescence lifetime measured in
bile collected 20 min after F infusion was as low as 2.7 to 2.9 ns,
which was attributed to the presence of FG, the effect of protein
binding, and possible Forster resonance energy transfer between
F and FG.%

In this study we explored the use of MPM and FLIM to study
the pharmacokinetics of the fluorescent compound, F, and its
metabolite FG in rat liver in vivo. In particular, we investigated
the simultaneous, real-time, in vivo distribution of F and FG in
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liver tissue and bile. We use in vitro fluorescence lifetime values
of F and FG in different concentrations and in environments of
varying protein content as a guideline to interpret our in vivo
results.

2 Materials and Methods
2.1 Chemicals

Sodium fluorescein and S-glucuronidase (type HP-2 from He-
lix pomatia) were purchased from Sigma Aldrich (St. Louis,
Missouri). Ketamin hydrochloride and ilium xylazile were ob-
tained from Parnell laboratories, Australia, and Bayer Australia,
Pymble NSW, Australia, respectively. All other reagents were
of analytical grade and obtained from commercial sources.

2.2 Animals

Male Wistar rats, purchased from the animal resource centre
(Perth, Western Australia), weighting approximately 350 grams,
were used in all experiments. They were housed in the Biological
Resource Facility at the Princess Alexandra Hospital, where the
temperature was maintained at 20 + 1°C, and humidity of 60
to 75% with artificial light for 12 h (7 am to 7 pm).

2.3 Surgical Procedures and Bile Collection

Rats were initially anaesthetized by an intraperitoneal injection
of xylazine 10 mg/kg and ketamine hydrochloride 80 mg/kg,
supplemented throughout the experiment by administering ke-
tamine (2.2 mg/100 g) and xylazile (0.25 mg/100 g). Animal
body temperature was controlled by placing them on a heated
pad set to 37 °C. The jugular vein was cleared of surrounding
tissue and cannulated using PE-10 tubing for administration of
sodium fluorescein. A midline laparotomy was performed, the
bile duct exposed and cannulated for collection of bile. The left
lobe of the liver was exposed for fluorescence imaging. The
liver as well as the intraperitoneal cavity was kept moist by ad-
ministering 0.9% saline solution continuously throughout the
experiment. Sodium fluorescein (5.5 mg/kg) was intravenously
injected. Bile was collected every 10 min until 60 min, and then
every 30 min until 4 h.

2.4 High-Performance Liquid Chromatography

Semipreparative high-performance liquid chromatography
(HPLC) (2.4.1.) was used to prepare FG from bile samples
collected after injection of F. In addition, analytical HPLC was
used to quantify the concentration of F and FG in each collected
bile sample (2.4.2.).

2.4.1 Fluorescein glucuronide preparation from bile
samples by semipreparative HPLC

Bile containing a mixture of F and FG was collected from
rats after F injection. Bile was mixed 3:1 with pH 6,
10 mM ammonium formate, and sufficient acetonitrile was
added to make a 15% acetonitrile solution. Samples were cen-
trifuged (5 min, 1000 rpm) and injected onto a semiprepara-
tive HPLC system with spectrophotometric detection (488 nm,
Shimadzu SPD-10AV with semipreparative flow through cell).
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Semipreparative (Phenomenex Luna C8, 15 pum, 250x21 mm)
HPLC was used to separate the components of the bile contain-
ing F and FG. Mobile phase included ammonium formate (10
mM, pH 6): acetonitrile mixtures with pump A 95:5 and pump
B 5:95, respectively. A gradient elution (12 mL/min A:B, 4:1 to
7:3 over 15 min followed by 5 min at 4:1) resulted in a reten-
tion time of 6 min for FG and 15 min for F. Bile was injected
as 200 uLL volumes and fractions were collected at intervals of
1.5 min. Chromatographed fractions shown to contain FG were
pooled, acetonitrile was rotary evaporated under vacuum, and
the solvent evaporated overnight by freeze-drying.

2.4.2 Quantification of F and FG in bile samples

For analysis of F and FG, each bile sample was diluted in 0.2 mM
acetate buffer (1:100). For analysis of F, 10 L of the dilution
was added to 100 uL of 0.2 mM acetate buffer and incubated
for 1 hin 37 °C water bath. To analyze the concentration of FG,
10 uL of the dilution was added to 100 uL of B-glucuronidase
(10 U/100 pl) and incubated for 1 h in 37 °C water bath. This
causes breakage of FG to F and the concentration measured was
the total concentration of F and FG. The concentration of FG
was calculated by subtracting the F concentration from the total
concentration. Standard solutions were prepared from sodium
fluorescein in phosphate buffered saline (PBS) and prepared in
the same way as the bile samples. Mobile phase consisted of
50 mM NaH,;PO4 and methanol (2:3). 10 L of the solution
was injected into the HPLC system (Shimadzu, Kyoto, Japan)
for F and FG analysis. A flow rate of 1 mL/min was used with
a C18 column (Agilent HC-C18 (2) 4.6x 150 mm, 5 pm) that
included a security guard column (Phenomex C18 4x3 mm).
Fluorescence excitation and emission wavelengths were 488 and
515 nm, respectively, with 5 min retention time.

The bile was collected in a pre-weighted tube, enabling cal-
culation of the excretion rate for each compound. The excretion
rate was calculated by:

Excretion rate(;tmol/min)

concentration x bile weight L
= - /collection time. (1)
molecular weight

2.5 Solution Preparation for Microscopy

Sodium fluorescein and fluorescein glucuronide were each dis-
solved in PBS (pH 7.4), 4% bovine serum albumin (BSA, pH
7.4), and bile obtained from rats. The concentration of F was
0.11 mg/mL in PBS and BSA and 11 mg/mL in bile. The con-
centration of FG was 11 mg/mL in BSA and PBS, and 55 mg/mL
in bile. Each solution was incubated for 1 h in 37 °C water-bath
for equilibration.

2.6 Multiphoton Imaging and Fluorescence Lifetime
Measurements

MPM was performed using a Dermalnspect system (Jen-
Lab GmbH, Jena, Germany) equipped with an ultrashort
(pulse width, 85 femtosecond, repetition rate 80-MHz) pulsed
mode-locked tunable Titanium:Sapphire laser (MaiTai, Spectra
Physics, 25 Mountain View, USA). The excitation wavelength
of 920 nm was used for the detection of F and FG. A bandpass
filter (BG39) was employed to detect fluorescence emission
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in the spectral range of 350 to 650 nm. The laser power was
15 mW for in vivo imaging, 81 mW for imaging of F and FG in
vitro in PBS and BSA, 11 and 30 mW for imaging of F and FG
in bile, respectively. FLIM was performed using a TCSPC830
detection module (Becker and Hickl, Berlin, Germany) charac-
terized by the time resolution of 100 ps. FLIM data of F and FG
were detected in the emission range of 515 to 620 nm. Images
were acquired up to 4 h after injection of sodium fluorescein.

2.7 Data Analysis
2.7.1

Fluorescence lifetime images were analyzed using SPCImage
(Becker and Hickl, Berlin, Germany). Each pixel of a given flu-
orescence lifetime image contains photon decay data, to which
an exponential function is fitted in order to retrieve the fluores-
cence lifetime value(s). These lifetimes characterize the decay
and, by extension, the fluorophore(s) present in the sample. The
bin number » in SPCImage defines the number of adjacent pixels
where photon decay data is used to obtain a photon decay curve
and calculate the lifetime(s) of a given pixel. The advantage of
using adjacent pixels is a reduction in the noise of the calculated
lifetime, at the expense of calculated lifetime precision.>* The
bin number 7 is calculated according to the formula®*

SPClmage — fluorescence lifetime calculation

#binned pixels = 2n + 1) x 2n +1). 2)

We found n = 3 to be appropriate for our in vitro and in vivo
images and set this bin number prior to fitting. After setting the
bin number, we fitted the photon decay data F(¢) of each image to
either a mono-exponential [Eq. (3a)] or a bi-exponential decay
function [Eq. (3b)]:

F@)=ae /M, (3a)

F@t)=are™/™ 4 ape/®. (3b)

In Egs. (3a) and (3b), the parameter t; designates the fluo-
rescence lifetime of fluorophore i.2° A fit to a mono-exponential
decay function, yields a single lifetime. A fit to a bi-exponential
decay function yields two separate fluorescence lifetimes [t
and 7, in Eq. (3b)], which can be used to distinguish between
two fluorophores present in the sample. To determine the suit-
ability of a mono- or bi-exponential fit for the pixels of a given
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image, we used the reduced chi-square coefficient (X?) calcu-
lated in SPCImage. Fluorescence lifetimes reported here are the
mean =+ standard deviation of the mean (SEM) of the values
measured at the highest-intensity pixel in all images.

2.7.2  Matlab — for segmentation of fluorescence
lifetime in different regions

After calculation of the fluorescence lifetimes in SPCImage, the
decay matrices containing fit parameters and photon numbers
were exported from SPCImage and imported into Matlab for
further processing and segmentation. Photon numbers displayed
as indexed grayscale images were segmented into three regions
of interest namely blood, bile, and cells using a semi-automated
intensity threshold approach. Mean values of lifetimes were
calculated in each region.

2.8 Statistical Analysis

A t-test (paired, two tailed) was used to calculate the p-value
when two groups were compared and one way analysis of vari-
ance with Tukey’s multiple comparison test when three of more
groups were compared. Results were considered statistically
significant with a p-value < 0.05.

3 Results
3.1

The fluorescence decay profiles obtained from F and FG indi-
vidually mixed in PBS were best fitted to a mono-exponential
decay function [Fig. 1(a)], yielding a single lifetime. Control
bile fluorescence profiles, on the other hand, were best fitted
using a bi-exponential decay function, yielding two lifetimes
[Fig. 1(b)]. Table 1 shows the mean in vitro lifetimes of F and
FG along with the lifetimes of control bile. The mean lifetimes
of F in PBS, BSA, and bile were 3.48 £+ 0.02, 3.08 £+ 0.07,
and 3.41 +£ 0.01 ns, respectively. The mean lifetimes of FG
were 2.36 £+ 0.01 ns in PBS, 2.39 &+ 0.03 in BSA, and 2.30
4 0.01 ns in bile. No fluorescence was detected from control
solutions of PBS and BSA. Fluorescence from a control bile
solution was only detected at a significantly higher laser power
and showed a bi-exponential decay, with a fast lifetime equal
to 0.29 £ 0.002 ns and a slower lifetime of 2.62 + 0.01 ns.

In vitro
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Fig. 1 Representative fluorescence measurement data and fitting curves. (a) Single lifetime fluorescence decay from a solution of fluorescein in PBS.
Fitting the data to a mono-exponential function yields a single lifetime characteristic of fluorescein. (b) Two-lifetime fluorescence decay of control
bile tissue to which a bi-exponential function is fitted to obtain two lifetimes.
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Fig. 2 Average lifetimes (mean & SEM, n = 3) obtained from mixtures
of FG and F in PBS at varying FG:F concentration ratios.

Fluorescence lifetime imaging was also performed for mixtures
of known concentrations of FG and F in PBS. For each ratio of
concentrations, the fluorescence decay profiles were best fit to
a mono-exponential decay function, yielding a single lifetime.
The lifetime significantly decreased compared to the lifetime
of F alone in PBS with increasing FG concentration from 3.3
+ 0.01 ns for a FG:F ratio of 10:1, to 2.5 £ 0.01 ns for an FG:F
ratio of 5000:1 (Fig. 2).

3.2 Invivo

Fluorescence intensity of F and FG was quickly and evenly dis-
tributed across the liver cells and acinus (Figs. 3 and 4). Fluo-
rescence levels above the baseline tissue autofluorescence were
initially detected in the periportal region and distributed over
the entire acinus within 1 min after F injection (Fig. 3). Zonal
differences in uptake and excretion were not observed. Using
a four-fold higher magnification it was possible to distinguish
hepatocytes, bile, and sinusoids (Fig. 4).

The cumulative biliary excretion of FG was higher than that
for F from 30 min after injection and onward [Fig. 5(a)]. The ex-
cretion rate for FG was higher than F after 30 min and continued
to be higher until the end of the experiment [Fig. 5(b)].

Fluorescence lifetime images obtained from the liver tis-
sue had photon decay profiles which were best fit by a mono-
exponential function [Eq. (3a)], yielding a single lifetime at each
time point after F injection. Figure 6(a) shows lifetimes calcu-
lated from segmentation of the liver tissue images into blood,
liver cells, and bile. At the 20 min time point following F injec-
tion, the mean lifetimes in the liver tissue, blood, and bile ducts
were 3.1 £ 0.07,3.1 £ 0.04, and 3.1 + 0.04 ns, respectively.

Control 1min

200 prn

20 min

Table 1 /n vitro mean fluorescence lifetimes ( £ SEM) from fluorescein
(F) and fluorescein mono-glucuronide (FG) solutions and from bile
control solution. (# = p < 0.05 compared to F in PBS; * = p < 0.05
compared to fluorescein; $ = p < 0.05 compared to FG in PBS.)

Fluorescein
Fluorescein glucuronide
solutions [ns] solutions [ns] Controls
PBS 3.48 (£0.02) 2.36" (£0.01) N/A
BSA (4%) 3.08% (+£0.07) 2.39" (+0.03) N/A
Bile 3.41% (£0.01) 2.30"% (£0.01) 71 = 0.29 (+0.002)

1y = 2.62 (£0.01)

At the 20 min time point, the mean lifetimes were 2.8 + 0.05,
2.8 4+ 0.02, and 2.7 £+ 0.03 ns, respectively.

A sample of the collected bile was imaged by MPM-FLIM
and its lifetime calculated. Figure 6(b) shows that the single
lifetime measured in the collected bile is essentially constant
over the duration of the perfusion, with 3.3 £ 0.01 ns 20 min
after injection and 3.2 £ 0.03 ns 4 h after injection.

4 Discussion

F and FG have overlapping spectral signals,”® making it dif-
ficult to spectrally distinguish them. Their time-resolved fluo-
rescence decay patterns, however, differ. Fluorescence lifetime
measurements have been used to segregate different protomers
of fluorescein®’ and differentiate F and FG in eye research.!®

The combination of multiphoton microscopy (MPM) and flu-
orescence lifetime imaging microscopy (FLIM) has been em-
ployed to study cellular redox states and metabolism,?>?° the
penetration of exogenous compounds into skin,>>»?® and as a
diagnostic tool for skin lesions and cancers.*® In liver studies, it
has been used to obtain high-resolution in vivo images of car-
boxyfluorescein diacetate (CFDA) uptake into hepatocytes and
excretion into the bile canaliculi®*' and to study the kinetics of
CFDA distribution in liver with obstructive cholestasis.*? In this
study, we employed MPM-FLIM to track and quantify real-time
metabolic activity in the rat liver in vivo.

The in vitro lifetime of F in PBS (3.5 ns) is of the same
order of magnitude as values in aqueous solutions reported by
others. %3334 The lifetime of F decreases with increasing protein
content of the medium. The lower value of 3.08 ns in BSA most
likely reflects binding to protein®® or quenching,?® which can be

180 min

200 pm

Fig. 3 Multiphoton microscopy intensity images showing F and FG distribution in liver acinus of one rat following fluorescein injection.
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Control 10min

40 pm

50min 240 min

40 pm

Fig. 4 Multiphoton microscopy intensity images showing intracellular distribution of F and FG in liver tissue of one rat following fluorescein
injection. The hollow arrow shows hepatocytes; the solid and thin white arrows point to bile duct and sinusoids, respectively.

measured as a decrease in fluorescence intensity or lifetime.

The in vitro lifetime of FG in PBS (2.4 ns) agrees with that
reported by Larsen et al.'® Although FG has high affinity for
plasma proteins,?” the lifetime did not significantly change in
BSA solution compared to PBS or bile.

Fluorescence data from mixtures of FG and F in ratios rang-
ing from 10:1 to 5000:1 exhibited a single lifetime (Fig. 2). At
low FG:F ratios we expect photon absorption and emission by
FG to be masked by that of F, due to the lower quantum yield
of FG compared to F.3® However, the lifetime was significantly
decreased from FG:F ratios of 10:1 to 5000:1 compared to the
lifetime of F alone in PBS. The decrease in lifetime is due to an
increase in FG concentration.

Collected bile samples without F or FG showed fluorescence
at high laser power, where the fast and slow lifetimes in bile are
likely to be due to bilirubin (Table 1). Bilirubin has the same
excitation and emission range as F and can interfere with the F
signal at high concentrations, as in bile and liver tissue.* It has
been shown to have a fast (0.03 to 0.30 ns) and slow lifetime
(1.0 to 2.3 ns).*® The slow lifetime of bilirubin is similar to
the lifetime of FG. However, fluorescence from bile was only
seen at high laser powers (81 mW) and there was no measurable
fluorescence of bile or liver tissue at the laser powers used in this
study. In addition, since bilirubin has a low quantum yield,*' its
fluorescence in liver in vivo was considered insignificant.

The cumulative biliary excretion in the collected bile samples
shows the total amount of F and FG excreted by the liver. At
30 min after injection, the amount excreted was higher for FG
than for F and remained so until the end of the experiment.
In addition, the excretion rate of FG was higher than F. This
could be explained by a higher rate of excretion for FG than

25 @ F
° [ | FG
§ 204
-
3 1.5
=
©
© 1.0
= o]
B 5 2 °©
2 0.5 g 2
3
3 o
o.o-—ii . . . . ‘
0 50 100 150 200 250
Time {min)

(a)

F by the active transport system in the liver. Glucuronidation
of a molecule, such as F, is a metabolic process enhancing the
excretion by making the molecule more hydrophilic.*? In the
case of F and FG the octanol:water partition coefficients are 0.7
and 0.04, respectively.'

The initial analysis of the fluorescence lifetime in liver tissue
in vivo exhibited fluorescence decay data that could be appropri-
ately fit only to a mono-exponential decay function [Eq. (3a)],
thus yielding only one characteristic lifetime at each time point
after F injection. The mean lifetimes in sinusoids, hepatocytes,
and bile were calculated from the liver cell images by selecting
the appropriate areas. The mean lifetimes decreased over time
from 3.1 ns, 20 min after injection, to 2.7 to 2.8 ns, 240 min after
injection in all three regions [Fig. 6(a)]. In collected bile, how-
ever, the decrease in lifetime was not as pronounced, although
significantly decreased at 240 min compared to 20 min [Fig.
6(b)]. A possible explanation to why we see a decrease in life-
time in the liver images, but not in the excreted bile, could be due
to a higher concentration ratio of FG:F in the liver compared to
the collected bile. As seen in Fig. 2, for the lifetime to decrease
a 10 times higher concentration ratio of FG:F is necessary. As
seen in Fig. 5(a), the concentration of FG is only about twice the
concentration of F at any given time, which could explain why
we did not see any pronounced decrease of lifetime in excreted
bile.

In this study, we present a simple noninvasive imaging tech-
nique of cellular processes in space and time using MPM
and FLIM. Whereas our previous studies have represented the
changes in drug and metabolite disposition in the liver us-
ing a physiological pharmacokinetic based model at a global

level,# it is evident from this work that a more complex
20
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Fig. 5 (a) Cumulative amounts (umol) and (b) biliary excretion rate (nmol/min) of F and FG in collected bile (mean £+ SEM, n = 3).
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Fig. 6 Mean fluorescence lifetime measured in (a) liver tissue and (b) collected bile in vivo after sodium fluorescein injection (mean + SEM, n = 3).

model able to describe events occurring at a cellular and acinar
level in both space and time is needed. A limitation of this study
is the lack of quantitative information of the concentration of F
and FG in the liver over time. One of our next challenges will be
to further develop a synthetic model to describe events based on
liver outflow profiles in normal*®4’ and diseased states.*® This
would help us explain what occurs in the liver in space and time
with noninvasive imaging using MPM with FLIM.

5 Conclusion

We have presented a novel method of studying metabolism of
fluorescein in the liver in vivo using multiphoton microscopy in
combination with fluorescence lifetime imaging. Current work
in our group focuses on improving the data analysis of the
liver images in selecting the regions of interest and to improve
the sensitivity to detect molecules with lower quantum yields.
The reported MPM-FLIM methodology enables study of zonal
differences in metabolism and pharmacokinetics in healthy and
diseased livers.
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