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The authors have developed a live-cell multimodality
microscope combining epifluorescence with digital holo-
graphic microscopy; it has been implemented with a de-
coupling procedure allowing to separately measure from
the quantitative phase important cell parameters includ-
ing absolute volume, shape and integral intracellular
refractive index. In combination with the numerous dif-
ferent specific fluorescent cellular probes, this multimod-
ality microscopy can address important issues in cell

biology. This is demonstrated by the study of intracellu- Comparison between quantitative phase (left) and fluo-
lar calcium homeostasis associated with the change in rescence signal (right) on neuronal cellular bodies.
cell volume, which play a critical role in the excitotoxi-

city-induced neuronal death.

1. Introduction Fluorescence microscopy is a well established

and widely used technique within the field of cell
A comprehensive understanding of the relationship biology and has permitted in particular, in combina-
between cell dynamics and physiological or patholo-  tion with the utilization of specific fluorescent cellu-
gical processes requires to be able to measure in lar probes, the observation of dynamic processes in
real-time various cell parameters through the setting  living cells ranging from vesicles fusion to the con-

of a single examination. centration changes of specific intracellular signaling
Within this framework, we have developed a molecules.

multi-modality imaging system combining digital ho- In contrast, DHM is an interferometric technique

lographic microscopy (DHM) with epifluorescence [1] making it possible to visualize in real time, from

microscopy. a single digital hologram, structure and dynamics of
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transparent specimens, including living cells, without
the use of any staining and with a nanoscale axial
sensitivity [2-7]. Concretely, such visualization re-
sults from the DHM ability to measure minute phase
retardation or optical path difference (OPD) in-
duced by the transparent specimen on the trans-
mitted wavefront [8-10].

Practically, important biophysical cell parameters,
including cell shape and volume, intracellular refrac-
tive index related to cell content as well as dry mass
can be derived from this quantitative phase signal
[11-13].

Some attempts to combine quantitative phase sig-
nal with fluorescence imaging have already been re-
ported [14]. Here we present multimodality micro-
scopy allowing to monitor simultaneously the
dynamics of intracellular ionic homeostasis and the
cell morphology changes derived from the DHM
quantitative phase signal. This multimodal ability is
illustrated by imaging the early stage of neuronal
death induced by the excitotoxicitiy phenomenon,
likely to be involved in several pathogenesis of brain
damage including chronic neurodegenerative dis-
eases [15]. Concretely, it has been possible to meas-
ure simultaneously the intracellular calcium dysre-
gulation and the concomitant neuronal volume
changes, occurring at the early stage of the gluta-
mate-mediated excitotoxicity.

2. Experimental setup and measurement
procedure

The measurements are performed on a transmission
DHM setup (DHM T1000™ from Lyncée Tec SA)
specially modified to incorporate a second imaging
module for fluorescence (cf. Figure 1). For the holo-
graphic measurement, the laser is divided into two
beams; the object beam is illuminating the specimen
and is combined with the reference beam on the
measurement plane in the so-called off-axis config-
uration [16]. The interference pattern is measured
by a charge-coupled device (CCD) camera, enabling
recording of the hologram, and a further numerical
reconstruction. The mirror reflecting the object
beam onto the CCD camera is a dichroic mirror,
making it possible to excite the specimen in epifluo-
rescence. The excitation is performed with a mono-
chromator (Till Photonics Polychrome V), allowing
an easy choice of the excitation wavelength. The
fluorescence signal is then detected after wavelength
filtering with an electron multiplying CCD camera
(Andor iXon DU887).

The study was performed on primary cultures of
mouse cortical neurons cultured in Neurobasal med-
ium supplemented with 2% B27 mix as described by
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Figure 1 (online color at: www.biophotonics-journal.org)
Principle scheme of combined epi-fluorescent and digital
holographic microscope. The red beam shows the DHM
laser beam path with object and reference arm, the blue
beam is the fluorescence excitation in epi-illumination, and
green is the fluorescence emission measured with the high-
gain EMCCD.

Brewer etal. [17]. Cells were transferred in dishes
containing glial cell monolayers, and then used after
21-35 days in vitro.

Before measurement, the cells were charged dur-
ing 20 minutes at 37 °C with a solution containing
6 uM of Fluo-4 dye, which enables measurement of
the intracellular calcium concentration [Ca®*] [18].
Neuronal cultures are then mounted in a closed per-
fusion chamber allowing a rapid washout and are
perfused with a HEPES-buffered standard physiolo-
gical medium at ambient temperature. The dye is ex-
cited at 490 nm, and has its peak emission at 515 nm,
with acquisitions taken at 1 Hz. The cells are imaged
with a 10x microscope objective (numerical aperture
NA =0.3), providing a field of view of approxi-
mately 500 x 500 um.

3. Results and discussion

The excitotoxicity effect has been induced by pro-
longed applications of glutamate, the principal exci-
tatory neuro-transmitter of the brain, on neurons in
culture. The sequence of events leading to excito-
toxicity starts in particular with the activation of io-
notropic glutamate channel receptors, which allows
the influx of Ca’t and Na* ions. The subsequent
neuronal death, whose mechanisms are not yet com-

www.biophotonics-journal.org

© 2010 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Journal of

PHOTONICS

434 N. Pavillon et al.: Cell dynamics studied by fluorescence and digital holography

Figure 2 (online color at: www.biophotonics-journal.org)
Image of living neurons measured with (a) digital holography
providing quantitative phase (scale shown in radians) and (b)
Fluo-4 dye fluorescence during high Ca>* concentration.

pletely elucidated, is related to a dysregulation of
the intracellular [Ca®>*] homeostasis [19].

A typical image of measured cell culture is pre-
sented in Figure 2, with the quantitative phase pro-
vided by DHM (cf. Figure 2(a)) and Fluo-4 fluores-
cence (cf. Fig. 2(b)). The presented fluorescence
image is shown during a glutamate application, thus
providing a strong signal.

Typical cellular responses elicited by the applica-
tion of glutamate pulses (30 uM, 30 s) are shown in
Figure 3. Transient large increases in calcium concen-
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Figure 3 (online color at: www.biophotonics-journal.org)
Temporal monitoring of quantitative phase and fluores-
cence intensity on a cellular body ongoing glutamate appli-
cation (30 uM). One can readily identify the strong phase
decrease simultaneous to [Ca?*] dysregulation in the cell.
The inset on the top-left is a zoom on the phase signal.

tration can be readily seen through the fluorescence
intensity signal, while the quantitative phase signal
shows concomitant reversible phase decreases.
Otherwise, when the intracellular calcium does not
recover because of a longer glutamate application
(1 mn), i.e. when the intracellular calcium homeosta-
sis is irreversibly altered, the phase signal also pre-
sents an irreversible decrease. Usually, typical fluo-
rescence measurements imply a calibration step in
order to get a relation between the fluorescence in-
tensity signal and the effective ion concentration
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Figure 4 (online color at: www.biophotonics-journal.org)
Morphometry of two neuronal bodies before (“Initial cell
body”) and after the onset (“Excitotoxic swelling”) of the
glutamate application inducing an irreversible phase de-
cline of around 40 degrees. The z-axis (cellular thickness)
is expressed in micrometers.
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Table 1 Quantitative morphometric parameters (Sceq: cell surface; Veep: cell volume) of the two neuronal bodies shown

on Fig. 4.
Scen [um?] Veerl [um?] Mean Intracellular RI
Initial cell 1 129 + 20 1332 + 230 1.365 £ 0.0003
cell 2 162 +22 1412 £ 217 1.364 4+ 0.0003
Excitotoxic cell 1 210+ 25 2106 £+ 285 1.351 4+ 0.0003
cell 2 260 + 28 2196 4+ 280 1.353 4+ 0.0003

[Ca?*], which was not performed in our experiments.
However, typical signal shape is not modified by
such a calibration [18].

In transmission, the phase signal ¢ corresponds
to an OPD given by the following expression

@zz—nOPD:Z—n(nC—nm)d (1)
A A

where n, is the integral refractive index (RI) of the
cell, n, the RI of the perfusion medium and d the
thickness of the cell. In order to correctly interpret
the glutamate-mediated phase signal decrease, a de-
coupling procedure allowing to separately retrieve
the integral RI and cell morphology has been per-
formed according to Rappaz et al. [11].

It results that the phase decrease corresponds to
a neuronal swelling accompanied by a cellular sur-
face enlargement as depicted in Figure 4. In addi-
tion, according to Eq. (1), we can observe that the
glutamate-mediated phase decline results from the
intracellular refractive index decrease as presented
in Table 1. This decrease is consistent with a water
influx accompanying for osmotic reasons the well-
known Na* and Ca’* ion entry through the gluta-
mate ionotropic receptors; this results particularly in
a dilution of the intracellular protein concentration,
the cellular constituent, which largely determines the
intracellular refractive index value. Consistently, the
phase recovery accompanying the reversible phase
decrease corresponds to a volume restoration.

A striking point is the temporal correspondence
between the [Ca’"] peaks and the minimum of the
phase signal which corresponds to the maximum of
the neuronal swelling as well as the fact that the ra-
pid restoration of the Ca?* concentration is directly
related to the volume recovery. In contrast, when a
dysregulation of the intracellular [Ca>*] homeostasis
persists, no more volume restoration occurred (cf.
Figure 3). Otherwise, lactate dehydrogenase (LDH)
release essay (which reflects cell lysis) showed that
glutamate-mediated reversible phase signal does not
induce neuronal death in contrast to the irreversible
phase signal which definitively leads to a neuronal
death (data not shown). These results are in good
agreement with the recent studies which have
stressed that the cell volume regulatory mechanisms
are aimed above all to maintain ionic homeostasis,

which plays a critical role in the activation/inactiva-
tion of the cell death [20].

4. Conclusion

This multimodality microscopy is an original live-cell
imaging technique which has the ability to simulta-
neously explore some important biophysical cell
parameters including the dynamics of cell morphol-
ogy (volume, shape) and dry mass in particular, as
well as a large variety of cellular processes thanks to
different fluorescent probes used as specific contrast-
ing agents. In this letter, the efficiency of such a mul-
timodality approach has been illustrated by its ability
to study the flux of calcium ions associated with the
change in cell size, which plays a critical role in the
regulation of the cell death mechanisms.

Acknowledgments This research has been funded by the
Swiss National Science Foundation (SNSF) grant
#205320-120118 and CTUKTI project #9389.1. The

authors would like to thank their colleagues at Lyncée
Tec (www.lynceetec.com) for their cooperation and sev-
eral fruitful discussions.

References

[1] D. Gabor, Nature 161, 777-778 (1948).

[2] D. Carl, B. Kemper, G. Wernicke, and G. Von Bally,
Appl. Opt. 43, 6536-6544 (2004).

[3] P. Marquet, B. Rappaz, P. Magistretti, E. Cuche, Y.
Emery, T. Colomb, and C. Depeursinge, Opt. Lett. 30,
468—-470 (2005).

[4] C. Mann, L. Yu, C.-M. Lo, and M. Kim, Opt. Express
13, 8693-8698 (2005).

[5S] M. DaneshPanah and B. Javidi, Opt. Express 15,
10761-10766 (2007).

[6] I. Moon, M. Daneshpanah, B. Javidi, and A. Stern,
Proc. IEEE 97, 990-1010 (2009).

[7] N. Warnasooriya, F. Joud, P. Bun, G. Tessier, M.
CoppeyMoisan, P. Desbiolles, M. Atlan, M. Abboud,
and M. Gross, Opt. Express 18, 3264-3273 (2010).

[8] T. Zhang and 1. Yamaguchi, Opt. Lett. 23, 1221-1223
(1998).

www.biophotonics-journal.org

© 2010 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Journal of

PHOTONICS

436 N. Pavillon et al.: Cell dynamics studied by fluorescence and digital holography

[9] U. Schnars and W. Jiiptner, Meas. Sci. Technol. 13,
85-101 (2002).

[10] Y. Frauel, T. Naughton, O. Matoba, E. Tajahuerce,
and B. Javidi, Proc. IEEE 94, 636-653 (2006).

[11] B. Rappaz, P. Marquet, E. Cuche, Y. Emery, C. De-
peursinge, and P. Magistretti, Opt. Express 13, 9361—
9373 (2005).

[12] B. Rappaz, F. Charriére, C. Depeursinge, P. Magistret-
ti, and P. Marquet, Opt. Lett. 33, 744-746 (2008).

[13] B. Rappaz, E. Cano, T. Colomb, J. Kiihn, C. Depeur-
singe, V. Simanis, P. Magistretti, and P. Marquet, J.
Biomed. Opt. 14, 034049 (2009).

[14] Y. Park, G. Popescu, K. Badizadegan, R. Dasari, and
M. Feld, Opt. Express 14, 8263-8268 (2006).

[15] M. Aarts and M. Tymianski, Curr. Mol. Med. 4, 137-
147 (2004).

[16] E. Cuche, P. Marquet, and C. Depeursinge, Appl.
Opt. 38, 6994-7001 (1999).

[17] G. Brewer, J. Torricelli, E. Evege, and P. Price, J. Neu-
rosci. Res. 35, 567-576 (1993).

[18] V. V. Martin, M. Beierlein, J. L. Morgan, A. Rothe,
and K. R. Gee, Cell Calcium 36, 509-514 (2004).

[19] D. Choi, Prog. Brain Res. 100, 47-51 (1994).

[20] C. Bortner and J. Cidlowski, Pflugers. Arch. 448,
313-318 (2004).

© 2010 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.biophotonics-journal.org



