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Visualization of Intracellular CA?" Dynamics with
Simultaneous 2-Photon Excited Fluorescence and Third
Har monic Generation Microscope
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We show that the simultaneous coupling of two laser scanning non-linear microscopies (2-photon
excited fluorescence and third harmonic generation microscopy) give functional and morphological
information for improving our understanding on intracellular calcium flows.
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microscopy.

The 2-photon excited fluorescence (TPEF) [1]
microscopy, now a laboratory standard, has alowed a
great extension of the capabilities of the powerful confo-
cal imaging technique. Recently, a new non invasive
microscopy technique has been developed that takes
advantage of the discontinuity of the third-order non-
linear susceptibility (x°) at the material interfaces. At the
focusing point of the laser beam at wavelength A, this
discontinuity gives rise to a new coherent wave in the
forward direction at the third harmonic \/3 (THG proc-
ess) [2]. The validity of this technique has been demon-
strated and extended to biological samples [3].

These two techniques use femtosecond laser pulses
because their high peak power and high repetition rate
arethekeysfor cellular biology imaging. In another hand,
specific mechanisms of communication between cells,
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which are done by transcription of extracellular signals
into cellular response, remain elusive, specifically in neu-
roscience, where calcium plays an important role. We
have recently demonstrated that optical properties, partic-
ularly either x 3 or local refractive indices, are correlated
to calcium flows inside cells.

Two-photon excited fluorescence is idedly suited
for observing the location of given ions inside cells and
can be detected with high sensitivity and selectivity. On
the other hand, THG can be used to interpret the location
of all the possible interface phenomenainvolved, particu-
larly at the cell surface[4]. Thus, acoupling of these two
techniques can bring skeletal aswell as functional insight
of the cellular mechanism.

The experimental setup (Fig. 1) uses aslaser sources
the various outputs of a synchronously pumped OPO
system, i.e, 130 fsat A = 1.5 pum (for THG) and 100 fs
a N = 810 nm (for TPEF).

The two laser beams are focused into the sample
by the same microscope objective (LOMO Apochromat
90x/1.25 oil). Two prisms are inserted in the beam path
for compensating the GDD introduced by the different
optical glasses and to adjust the pulse tempora width.
The third harmonic light (in the forward direction at a
wavelength of 0.5 wM) is collected through a condenser
filtered from the fundamental wavelength using an inter-
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Fig. 1. Details of the set-up for coupling TPEF and THG microscopy.

ference filter (\, = 500 nm, AN = 40 nM) to increase
the signal-to-noise ratio and measured by a photomullti-
plier tube (PMT). The 2-photon excited fluorescence is
collected in the backward direction through a bandpass
filter, discriminated with a cold mirror associated with a
bandpass filter centered at A = 400 nm and detected by
another PMT. The transmitted power through the objec-
tive correspondsto 62% of theinput beam (average power
at the sample level is ~ 8.7 mW for A = 810 nm and
155 mwWat A = 1.5 pM) with power at the geometric
focal point estimated to be approximately 74.8 GW and
32.7 GW, respectively. The resolution of our microscope
isR ~ 254 nm and 412 nm for 1.5 uM and 810 and 810
nm respectively.

The cell material consists of the human astrocytoma
cel line, U-87 MG. They serve as scaffolding for the
actual nerve cells and having a major influence on the
formation and reformation of synapses; they may play a

crucial roleinlearning [5]. Researchers attempt to exploit
them to develop therapies for illnesses such as Alzhei-
mer’'s disease [6].

Thecellsare prepared with 10 uM of dye Fura-2 AM
(molecular probes) and stimulated with EGF (epidermal
growth factor), which is responsible for cellular multipli-
cation and whose the action on [C&?*]; has been demon-
strated in several cell types. Upon Ca2* binding, the dye
excitation spectrum with TPEF is shifted, while the emis-
sion spectra remain unchanged in such a way that an
increase in [Ca?*]; results in an increase in the emitted
fluorescence intensity measured at 505 nm for Age =
345 nm (and a concomitant decrease for A, = 380 nm)-
close to our TPEF operating conditions at 810 nm.

Several images have been acquired without stimula-
tion in TPEF and THG to ensure the validity of the
technique. During the whole experiment no cell damage
was observed with the average power used at the sample
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Fig. 2. Comparison between images with TPEF microscopy before and after Thapsigargine injection in the sample and THG microscopy of acell’'s
part (cells: U 87 MG).

for both excitation wavelengths. The possible damage for
THG microscopy can be a locally heat increase which
leadsto calcium release. We have verified that the genera-
tion of heat by IR absorption at A = 1500 nm is not a
mechanism that induces damages. For Fura2, the
dependance of the fluorescence emission intensity as a
function of the beam power was controlled and found,
as expected, to depend on the square of the laser power.
The focal plane for TPEF imaging has been chosen to
give the maximum of dynamic on the THG signal. The
calcium release acts in the entire cells volume and can
be detected at different focal planes with only difference
in the maximum intensity. Moreover, the microscope
objectiveisachromatic but the possible chromatic aberra-
tionsfor IR wavelength domain are less than the confocal
parameter for TPEF and there is no loss of information.
After EGF injection, the free calcium inside the cell
implies a decrease on the TPEF intensity revealing the
different location of the calcium flow. Here, no morpho-
logical informations could be obtained on the plasma
membrane whereas images by THG microscopy show a
strong sensitivity on the location of the cell’s membrane
(Fig. 2). Moreover the axial THG sectioning capability
reveal the rounded form of the cell.

For extensive comparison between these two volu-
metric imaging techniques, different images of one cell’s
part without stimulation has been done as function of
depth. Two scans were performed with Az = 500 nm. A
cross-section along the different images allows compar-
ing the variation of the intensity measured by TPEF and
THG. In TPEF there is no further information brought
by the depth variation and the contrast on the intensity
is not improved, whereas THG imaging gives more infor-
mation, revealing a higher sensitivity on the membrane

contrast. These results come from the order of process,
one is a second-order process depending of the quadratic
intensity, whereas the other one is a third-order process
depending of the cubic intensity.

We show that these two powerful techniques using
femtosecond pulses when they are coupled optimize the
measurement of intracellular calcium flow and give a
better efficiency for the localization of the different ion
flows (Ca?* flow) crossing the plasma membrane. Two
types of complementary informations can be reveaed
and, whereas the TPEF microscopy brings functional
informations on the cell, the THG microscopy confirms
these informations giving further details on the cell’'s
morphology. These coupling microscopy techniques opti-
mize the confocal microscope by concurrently acquiring
information in transmission with THG and in reflection
with TPEF.

Future studies might be extended to completely
definethe full characteristics of THG microscopy in view
of discrimation of the various physiological and chemical
aspects of the biochemical pathways involved in calcium
dynamics without fluorescent markers. In this case the
TPEF microscopy can serve to validate these results.
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